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 The piezoresistive silicon nanowires (SiNWs) have been extensively studied  
over the past decades. In the meantime, many applications requires scaling down the 
sensors without losing high sensitivities. With huge potential in downsizing devices, 
the SiNWs are expected to play a critical role in the migration from 
Micro-electro-mechanical-systems (MEMS) technology to 
Nano-electro-mechanical-Systems (NEMS). The SiNWs show merits of relative ease 
of scaling down, high sensitivity and CMOS compatibility, etc. However, up to date, 
inconsistencies and debates on the SiNWs piezoresistance still exist, and reports on 
successful integration of SiNWs into MEMS are quite limited. 
 In this study, we use the top-down approach to fabricate and integrate SiNWs into 
diaphragm and cantilever structures. The SiNWs performance under an extra large 
strain range and their fatigue behavior are investigated for the first time. Two NEMS 
devices, a pressure sensor and a flow sensor, using SiNWs as sensing elements are 
demonstrated, characterized and optimized. The pressure sensor is an improved and 
optimized version base on the work by our colleague, while the flow sensor developed 
by us is the smallest piezoresistive flow sensor reported so far. Our work is a 
successful pioneer demonstration of integrating SiNWs into working sensors, which 
pushes the frontier of SiNWs integration for practical applications, provides a good 
reference for future SiNWs-based sensor design and potentially opens up new realms 
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 Silicon nanowire (SiNW) is the nanoscale structure made of silicon. As silicon is 
the most important semiconductor material and the continuous downsizing of feature 
sizes in the semiconductor industry, the combination of these two factors reasonably 
attracts researchers interest from the scientific and technical point of view [1,2]. With 
the ever advancing of technology in fabrication, characterization and inspection, new 
features and properties are being discovered and reported. Especially in the past ten 
years, many interesting and remarkable properties of SiNW have been reported and 
various potential sensor applications have been demonstrated [3-10]. SiNWs that are 
fabricated using as-grown and top-down approaches both present good behaviors. 
Generally, we can categorize the efforts as basic investigation of the SiNWs for its 
unique properties and integration of SiNWs with Micro-Electro-Mechanical-Systems 
(MEMS) for various applications. 
 In this thesis, we target to investigate, identify and integrate suitable SiNWs with 
MEMS for practical applications. To realize such objectives, our work can be  
categorized and summarized into the following two aspects, i.e. characterization of 
piezoresistive SiNWs and development of SiNWs based MEMS sensors.   
 Firstly, we will exhibit the basic properties of the top-down fabricated SiNWs, 
including doping concentration effect, temperature effect, etc. Then we will extend the 
SiNW characterization to an unexplored large compressive strain region by utilizing 
the micro fabricated diaphragm structure. The fatigue behavior of the SiNWs under 
such an extra large compressive strain region is also investigated. Secondly, we will 
demonstrate the ability of SiNWs as sensing elements by integrating the SiNWs into a 
PREFACE 
 xvi 
pressure sensor and a flow sensor. Characterization of the pressure sensors is 
conducted from several aspects to identify an optimized condition. Miniaturizing the 
flow sensor by utilizing the SiNWs is explored and characterized. 
This thesis is organized into five chapters as following:   
Chapter 1 surveys the literature comprising three parts, i.e., the general concept 
of piezoresistance and SiNW piezoresistivity, MEMS piezoresistive sensors and the 
basic concept of MEMS fatigue, and the SiNW fatigue and SiNW based MEMS 
sensors. The review presents the current progress of SiNW study, trying to depict a 
big picture between the existing studies to practical usage.   
Chapter 2 introduces the fabrication and the characterization set-ups of the 
SiNWs and the sensors. Top-down approaches are employed and developed to 
fabricate the SiNWs on SOI wafers with very thin device layers. A mature and 
repeatable process is critical for reliable sensors. The small scale of the sensors and 
the specific requirements demand customized testing set-ups.     
Chapter 3 reports on the characterization of SiNWs under both static and 
dynamic testing. The characterization under an extra large compressive strain is 
conducted and analyzed for the first time. 
Chapter 4 describes the optimization of a pressure sensor using SiNWs as 
sensing elements. Characterization on the SiNWs and different diaphragm film 
combinations is conducted. An optimized pressure sensor is achieved in terms of 
sensitivity, measurement range and production yield, etc. 
Chapter 5 demonstrates a SiNW based flow sensor. The simple cantilever 
structure is adopted with the SiNW embedded at the anchor. The characterization 
proves several merits in comparison with previously reported piezoresistive flow 
sensor, including size, sensitivity and measurement range, etc.  
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 xvii 
Chapter 6 concludes the thesis by summarizing the accomplishments of this 
project and providing recommendations for future work. 
CHAPTER 1 
 1 
Chapter 1.   Introduction and Literature Review 
 Silicon nanowires (SiNWs) have been hotly pursued by researchers in the past 
two decades. To characterize the SiNWs mechanical prosperities, a major research 
effort has been devoted to the development of MEMS based testing platform [11-13] . 
Generally, these characterization approaches are various methods using the bulky test 
platform to conduct the four points bending for uniform stress [11] or utilizing 
specially designed MEMS based test platforms [12,13]. However, due to fracture of 
samples under test, the four point bending set-up provides very limited 
tensile/compressive strain, usually within 0.06% [3]. However, from a practical point 
of view, the SiNWs are probably operating in a much larger tensile/compressive strain 
range, which demands an extended understanding on the SiNWs accordingly. Besides, 
an accompanying question is the SiNWs long term performance, in other words, the 
fatigue behavior. In this respect, the SiNWs are expected to play a critical and 
paramount role as other mechanical parts for a successful MEMS device. So far, only 
limited reliability data of MEMS and SiNWs have been reported [14-17]. Based on 
the atomic force microscope (AFM) technique, the fatigue of SiNWs has been studied 
by using stress-controlled cyclic bending test [18]. The experiments are conducted 
with SiNWs in the tensile region based on the freestanding suspended SiNWs. 
Recently, the same group further extended the measurement range to ultra high cycles 
up to 1×10
10
 by using a resonant-type fatigue-test device [19]. However, in the 
practical applications, the SiNWs usually need to be embedded and integrated with 
other thin films in order to realize various device functions, and will experience strain 
both in the tensile and compressive regions. 
CHAPTER 1 
 2 
    As to the practical MEMS devices, micro-machined piezoresistive sensors are the 
most widely used micro sensors in industry today, partially due to the relatively 
straightforward interface circuitry and the ease of process integration. MEMS 
pressure sensors are among the most successfully commercialized micro sensors and 
are widely used in various applications. Other than the well-known automotive 
applications for pressure sensors including engine manifold monitoring, tyre pressure 
monitoring, and both oil and brake fluid pressures [20-24], pressure is also one of the 
most important physical parameters for various biomedical applications such as 
measuring intrauterine pressure during birth, monitoring the inlet and outlet pressures 
of blood in kidney dialysis and the cardiovascular system, measuring and controlling 
the vacuum level used to remove fluid from the eye during eye surgery [25-28]. Flow 
sensors also have attracted numerous attentions due to their various applications such 
as weather predictions and automotive applications. As MEMS technology progresses 
in terms of lower manufacture cost and miniaturized dimension, the MEMS based 
flow senor not only fulfills the market demands for the traditional sensing purpose 
[29], it has also been successfully implemented into biomedical applications [2-4] 
[30-32]. Nowadays, NEMS based biosensors using SiNWs have been reported as 
promising DNA and protein sensors [33,34]. After being modified on surface by 
specific receptors, the SiNW is able to recognize and bind to target molecules, which 
correspondingly causes the SiNW conductance change. For SiNWs-based mechanical 
sensors, the SiNWs are integrated into the MEMS devices to sense the stress/strain 
change due to the mechanical deformation of the structure. However, so far only 




 Our work is devoted to exploring the practical value of SiNWs and their 
integration with MEMS for applications. In this chapter on literature review, the focus 
is the piezoresistive effect of SiNWs and their applications in real devices. The 
particular piezoresistive phenomena in nanoscale are reviewed and the issues involved 
are presented and commented. Then the general concept of piezoresistive sensors and 
the fatigue of MEMS are briefly reviewed. Finally, the state-of-the-art research on 
several aspects of SiNWs and SiNW based devices are presented as the motivations, 
based on which our work pushes the understanding of SiNWs to a new level.  
1.1 General Introduction of Piezoresistance  
 The piezoresistance is one of the most important transduction mechanisms, and it 
is widely used in various sensors spanning many applications and extensively studied 
by researchers for several decades. During recent years, piezoresistive SiNWs are 
extensively explored for their interesting properties and integration potential with 
MEMS devices. The first part of this section provides the very basic concepts of 
piezoresistance and the most commonly concerned properties including orientation, 
doping concentration and fabrication. The second part reviews the current situation of 
research on SiNWs piezoresistance, focusing on the “giant piezoresistance effect" and 
debates on it. 
1.1.1 Basics of Piezoresistance 
 Piezoresistivity defines the relationship between the electrical resistivity and 
strain of a particular material, usually a semiconductor material. By affecting the 
internal atom positions and motions of a material, strain changes its resistivity [37]. 
 Though currently the piezoresistance is usually defined based on the 
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semiconductor material [1], the earliest report of piezoresistance was by William 
Thomson in 1856 with regard to iron and copper on their resistance change during 
elongation. Incurring an issue to telegraph companies by causing the signal 
propagation changes, this phenomenon was later emphasized by researchers and 
further motivated more effort into this area [38-40]. In the middle of the twentieth 
century, the piezoresistance effect in silicon was found to be much larger than metal 
[1,41,42]. In 1961, W. G. Pfann et al. illustrated two gauges using diffused sensing 
elements in terms of germanium and silicon, and proposed the extension to other 
semiconductor materials. The difference of piezoresistance between metal and silicon 
is illustrated as following with more detailed information. 
 Derivation: The general notations can be found in the textbooks or the review 
papers [37, 43].  
 The electrical resistance of a homogeneous structure is defined as: 
                                (1.1) 
where R is the resistance,  is the resistivity of the material, l, w, t are the length, 
width and thickness of the structure. As seen, the resistance is a function of its 
dimensions and resistivity.  
 By differentiating the equation on both sides, we can obtain the following form: 
      
2 2
l l l
dR d dl dw dt
wt wt w t wt
  
   
             (1.2)
 
 Then the piezoresistive effect of a material, i.e. the gauge factor, is 
mathematically derived and defined as:  
                                   (1.3) 













   
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 Based on the above derivation, the gauge factor is contributed by two parts: 




resistivity change against strain, which reflects the bandgap changes due to strain 
causing lattice structure change. For metal foil strain gauges, resistance change is due 
to the geometric effect. The Poisson's ratio of most metals ranges from 0.20 to 0.35, 
thus only 1.4 to 2.0 is contributed to the gauge factor by the geometric effects; while 
for piezoresistors, the contributed resistivity change under a given strain is about a 
hundred times larger. For semiconductors, 
/d 

is of the main concern, and that is 
the reason why piezoresistors are commonly defined on and referred to 
semiconductors [44,45]. 
 Orientation: The piezoresistivity and elasticity are direction-dependent for the 
anisotropic semiconductors. The orientation effect is extensively studied and the 
piezoresistors are usually designed to be along a specified direction for the purpose of 
maximizing sensitivity in real applications. The common configuration of a 
piezoresistive element is to form a relatively long and narrow resistor defined in a 
planar structure. The primary electric field and current direction are usually confined 
along the longitudinal axis of the resistor. The corresponding coefficients are 
extracted from the test configurations as shown in Figure 1.1 [1]. Such arrangement is 
favorable because the piezoresistor is able to be placed at the highest stress area in a 
movable structure for high sensitivity. As the mechanical simulation techniques are 
quite mature, this arrangement facilitates analysis in the design stage before real 
device fabrication.  
 It is worth noting that the longitudinal axis of the piezoresistor is arbitrary, not 
necessarily to coincide with the cubic axes. However, the structures are usually 
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defined along [100] or [110] direction in real applications on a (100) wafer. The 
underlying reason for this comprises of two aspects: Firstly, (100) wafers are most 
commonly used due to their relatively low cost; Secondly, the [100] n-type and [110] 
p-type silicon show the highest piezoresistive effect in comparison with otherwise 
configured piezoresistors on the (100) wafer. The detailed information is given in the 
following work. 
 
Figure 1.1: Test configurations from Smith. A and C is for the extraction of 
longitudinal piezoresistive coefficient, and B and D are used to obtain transverse 
coefficients. The dotted lines refer to the electrodes, indicating the voltage drop. The 
arrow indicates an application of a uniaxial tensile stress to the test sample by hanging a 






Figure 1.2: Piezoresistive coefficients under room temperature in the (100) plane of (a) 
p-type silicon (b) n-type silicon of low doses. Figure reproduced from Reference [20]. 
 
 Kanda plotted coefficients for both p-type and n-type piezoresistors on a (100) 
wafer in the longitudinal and transverse directions as shown in Figure 1.2 [46,47]. For 
the p-type silicon, the highest piezoresistive coefficient lies along the [110] direction 
both for longitudinal and transverse directions; whereas for the n-type silicon, the 
highest coefficients exist along [100] direction. This graph provides a good reference 
for the sensor design. For example, the p-type silicon properties are often used in the 
pressure sensor design by simultaneously arranging the piezoresistors along both 
longitudinal and transverse directions to form a Wheatstone bridge.    
 Doping concentration: It is well known that the properties of silicon can be 
modified from "intrinsic" to "extrinsic" by adding a small amount of other elements. 
These elements are called "dopants", e.g. Boron and Phosphorus, which are often used 
to be implanted or diffused into the intrinsic silicon, and then turn it into p-type and 
n-type, respectively. These dopants not only change the conductivity, but also affect 
much on its piezoresistive performance.  
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Figure 1.3: Piezoresistive coefficients against doping concentration. Figure 
reproduced from Reference [20].  
 
 Kanda suggested a simple power law to describe the piezoresistive change against 
dopant concentration as shown in Figure 1.3. The power law is dependent on the 
relaxation time and temperature, and shows discrepancy at the high doping 
concentration region. The calculated value coincides with the experiments at doping 




 from -50 to 150 
0
C, but has 21% 




. This difference is attributed to the ions 
scattering at high dopant concentrations, whereas the calculation only considered 
lattice scattering [48-51]. 
 Fabrication Approaches: Five methods to fabricate the piezoresistors as sensing 
elements are summarized as following：(i) bonding of doped silicon gauges (ii) 
dopants diffusion into silicon (iii) implantation of ions into silicon (iv) deposition of 
epitaxial silicon or doped polysilicon (v) spin on doped glass and diffuse [52-57]. 
 The most commonly adopted fabrication approaches to make piezoresistors are 
shown in Table 1.1. The according comparisons regarding process condition, damage， 
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masking and so on are listed in detail. In our work, the ion implantation plus 
annealing is adopted to precisely control the SiNWs across a large doping range. 
     




 SiNW fabrication: The SiNWs can be fabricated using the as-grown or top-down 
fabrication methods. The as-grown method is relatively flexible in obtaining SiNWs 
but difficult to integrate into a working MEMS device. Currently the as-grown SiNWs 
are usually studied at the scientific level. With the advance of the MEMS fabrication 
technology, the top-down approach becomes more mature in terms of the process as 
well as the tools. In our study, we endeavor to explore the integration of top-down 
fabricated SiNWs into real working devices towards a stable mass production.   
1.1.2 SiNW Piezoresistance 
 A big milestone, although still under debate, was the report of the "giant 
piezoresistance effect". In this section, the findings on giant piezoresistance effect are 
reviewed and the works to address the underlying physics are given as well. Though 
the increased piezoresistive effect is not used in our work, this phenomenon inspired 
many good works later. The devices that tried to use this effect are shown in the next 
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parts as well. 
 Giant piezoresistance: He and Yang reported a dramatically enhanced 
piezoresistance effect in the as-grown SiNWs of <111> direction under the low 
doping condition. The characterization was conducted using the standard four point 
set-up in both tensile and compressive region under strain of around ±0.06% [3]. A 




) that is 60 times higher than bulk 
silicon was discovered. The bridge structure and the morphology of the SiNW are 
shown in Figure 1.4 (a) and (b) respectively. Such structure ensured a longitudinal 
strain application and the electrical measurement was conducted as the strain is 
applied. Four types of resistance changes versus strain were marked as shown in 
Figure 1.4 (c). The piezoresistance dependence against the SiNW dimension and 
resistivity is presented in Figure 1.4 (d). Except the dependence on doping and 
dimension, the non-symmetrical behavior against strain was observed and worth 
noting. This extra large piezoresistive effect appears in the compressive region but not 
in the tensile region. This is different from the common piezoresistor behavior, which 




Figure 1.4: (a) <111> direction SiNWs bridging a trench that is formed from a SOI 
wafer; (b) Zoom-in SEM picture to show the morphology of a bridged SiNW, which 
grows from one side of the trench and bounces back when coming to the other side; (c) 
Conduction change as a function of applied strain. Four types of relationship are 
presented and the overview of L is shown in the inset; (d) The longitudinal 
piezoresistance coefficients of p-type SiNWs as a function of diameter and resistivity. 
The bulky silicon coefficient is shown as well. Different colors correspond to different 
nonlinearity types in (c). Figure reproduced from Reference [3].  
 
 Following their work, K. Reck et al. reported the enhanced piezoresistive effect 
of top-down fabricated SiNWs using the lift-off and electron beam lithography (EBL) 
technique. Both crystalline and polycrystalline SiNWs were studied as a function of 
stress and temperature [58]. Piezoresistive coefficient of 633% increase was observed 
in the <110> direction of crystalline SiNWs. The authors also reported that the 
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piezoresistive effect increases as the SiNW dimension decreases, which agrees with 
the report by He and Yang‟s study.  
  
Figure 1.5: (a) Schematic drawing of the test setup; (b) SEM picture of the sample 
cantilever; (c) MEDICI device simulation on the holes concentration in the SiNWs as 
a function of VGS (left to right: 0 to 7.5 V, step 2.5 V); (d) The SiNW gauge factor 
against Vgs in three regions. Figure reproduced from Reference [59]. 
In 2010, P. Neuzil et al. reported the electrically controlled giant piezoresistance 
effect [59]. This work was also based on top-down fabricated SiNWs. As shown in 
Figure 1.5 (a), the SiNWs were embedded at the anchor of a cantilever and the 
compressive strain was applied by using a PZT controlled needle to push the free end 
of the cantilever. The carrier concentration of the SiNW was modulated via a backside 
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applied voltage. In this work, the SiNW showed a gauge factor as high as 5000 at the 
depletion mode when the carriers inside the channel are pushed out of the channel 





was conducted in a strictly controlled dark, low noise environment. From another 
perspective, we can say the cost for the high sensitivity of the studied SiNW is its 
high vulnerability to surrounding noise. A pressure sensor utilizing this effect is 
introduced in the later review [60]. 
 Underlying theories: Putting aside the practical value of this discovery for a 
moment, we noticed that supportive explanations for the giant piezoresistance and 
negative arguments on the true piezoresistance exist at the same time. 
 
 
Figure 1.6: The piezo-pinch effect in SiNWs from calculation. (a) The conductance 
change as a function of the applied stress with three different doping and resistivity; 
(b) The piezoresistance coefficient versus diameter and resistivity. Figure reproduced 
from Reference [61].  
 
 In the correspondence letter from Alistair C. H. Rowe, the giant piezoresistance 
effect was considered as "by no means a new phenomenon" [61]. He suggested this 
was just a "stress-induced modulation of the surface depletion region width". By 
numerically solving the Poisson-Boltzmann equation using the finite element methods, 
he illustrated this effect with different SiNW dimensions and resistivity as shown in 
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Figure 1.6. The results agreed well with the experiments and exhibited an enhanced 
piezoresistive effect in the compressive region.  
Figure 1.7: (a) The schematic drawing of the testing set-up; (b) The SEM picture of a 
fabricated SiNW; (c) The comparison between the apparent conductivity change and 
true change against the applied stress; (d) The conductivity change of a SiNW under 
an alternating stress between 0 MPa and -13.3 MPa as a function of time. Figure 
reproduced from Reference [63].  
 
 In another report, J. X. Cao et al. explained the giant piezoresistance phenomenon 
in <111> SiNWs based on a first-principles density-functional analysis and identified 
"the strain-induced band switch between two surface states, caused by unusual 
relaxation behavior in the surface region" [62]. All the main features of the 
experimental results were reflected in their model and calculations. 
 The above reports tried to address this phenomenon by building an appropriate 
theoretical model. In the meantime, another group in France trying to duplicate this 
phenomenon tended to believe there is no such giant piezoresistance effect at all, 
which was published in the Physics Review Letter as following [63].    
J. S. Milne et al. used <110> direction SiNWs that were fabricated using the 
top-down approach as shown in Figure 1.7 (a) [63]. They repeated the experiment by 
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He and Yang and observed similar results as seen in the blue curve of Figure 1.7 (c). 
However, they also observed a non-stress related drift of resistance as shown in 
Figure 1.7 (d), which was not mentioned in He and Yang's report. To extract the true 
gauge factor and differentiate the strain induced resistance change from the drift, they 
developed a stress modulation technique. The resistances were recorded during the 
alternating stress applications to the SiNWs as illustrated in the inset of Figure 1.7 (d). 
Using this approach, they found the gauge factor of the SiNW was constant and no 
giant piezoresistance effect exists! They further attributed this resistance drift 
phenomenon to the trapping and detrapping at the Si-SiO2 interface, which masked 
the true piezoresistance and showed a fake extra large gauge factor.   
 In these above reports, the small size and low doping condition are the very two 
terms worth special noting. Though the true physics behind the “giant” 
piezoresistance has not been fully revealed, the observation of oxide trapping and 
detrapping in J. S. Milne et al.'s work further manifests the complexity of using low 
doping SiNWs. Actually, not only the trapping and detrapping, but the surrounding 
noise is expected as a considerable interference when the structure is shrunk down to 
nanoscale dimensions. Practically, doping levels that are several orders of magnitude 
higher are used in the current commercial and research practice. For example, in the 
Stanford group, the adopted resistivities usually lie in the range of 0.005-0.2 Ω∙cm 
[64-68]. 
 The above reports on characterization of SiNWs‟ piezoresistive effect are listed in 
Table 1.2. In summary, the piezoresistive effect is still controversial and attracts 
researchers' interest. Whether the giant piezoresistive effect exists or not,  
piezoresistive SiNWs provide several merits that are hardly replaceable by other 
sensing materials. These merits include their good scaling abilities and CMOS 
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compatibility, which help downsizing the devices from MEMS to NEMS without 
losing the required sensitivity, and further release the potential for system-on-chip 
(SOC) integration. Practically, it is still worth exploring the realization of 
SiNWs-based devices, including the fabrication, optimization, cost decrease and yield 
increase.   
 
Table 1.2 Summary of the previous reports on giant piezoresistance effect. 
 
1.2 Piezoresistive MEMS Devices and Their Fatigue 
 This section briefly reviews the piezoresistive MEMS devices, mainly on the 
pressure sensor and flow sensor, and introduces their evolution and trends. Integrating 
the sensing elements into real devices poses more challenges than the pure 
characterization. The design and process integration play critical roles on the overall 
sensor performance. A splendid work results from several compromises regarding 
sensitivity, resolution ,range and production yield and cost, etc.  
 Due to the fragile structures, it is of great importance for MEMS devices with 
high reliability. The commercial value of a successful MEMS device emphasizes its 
reliability as well. In the second part of this review section, the basics on MEMS 
fatigue are given including the mechanisms and characterization approaches.  
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1.2.1 Piezoresistive MEMS Devices 
 Pressure sensor: In 2005, the micro fabricated pressure sensors dominated the 
market with 200 million units and 50% of revenues, spanning automotive, medical, 
industrial, consumer, and military applications [69]. In the future market, the 
miniaturized medical devices are expected to have a large share. Minimally invasive 
surgical procedures are preferred because of small incisions, i.e., leaving small tissue 
scar after healing. The merits of such surgical procedures include a shorter 
hospitalization period and quick recovery from incision trauma. For many cardio 
vascular and thoracic interventional procedures, passing a guidewire through a 
vascular vessel is the first step followed by surgical procedures such as stenting. The 
success rate of treating a vascular lesion via endovascular methods (wires, catheters 
and angioplasty balloons) depends mainly on how a guidewire passes across the 
lesion successfully. Passage of the guidewire is primarily through the haptic feeling of 
the surgeon; thus the force or pressure feedback of the passing guidewire is extremely 
difficult to quantify. Besides, quantitative information of force or pressure feedback 
of the passing guidewire can be used in facilitating robotic surgeries [70-72]. MEMS 
technology has enabled guidewires to be sensorized by integrating pressure sensors 
into it [73-76]. In view of such advantage, further downsizing effort in making 
pressure sensors will enable a compact and sophisticated sensorized guidewire. For 
example, based on a polysilicon surface micromachining process, a piezoresistive 
pressure sensor using a polysilicon diaphragm area of 103 × 103 m2 has been 
fabricated by E. Kalvesten et al. for clinical blood pressure measurements with 
sensitivity of 2.0 V/V/mmHg, resulting in a pressure measurement accuracy of more 
than 2 mmHg for balloon angioplasty applications [15].  
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 One typical MEMS pressure sensor is shown in Figure 1.8. This is the work by C. 
H. Wu et al. and ion implantation is used to form the piezoresistors [77]. Figures 1.8 
(a) to (c) show the illustrative drawing and SEM images of the real device, from 
which we can see the diaphragm is in a square shape with the piezoresistors at the 
edge of the diaphragm. When a given differential pressure is applied onto the 
diaphragm, it will deform accordingly and the piezoresistors falls into a strained state 
as illustrated in Figure 1.8 (b). By measuring the resistance change of the 
piezoresistors, the strain and the applied pressure are able to be derived respectively.  
In this case, the four piezoresistors are arranged to form a Wheatstone bridge. 
Two of them (left & right) are aligned to sense the strain in their longitudinal 
direction while the other two (top & down) in transverse direction. As the resistance 
of 1&2 and 3&4 will change in an opposite direction under a certain pressure, this 
design will help enlarge the output voltage and then enhance the sensitivity. [77] 
 One of the earliest research efforts in biomedical applications is a pressure sensor 
developed by K. D. Samaun et al. for biomedical instrumentation applications 
including cardiovascular catheterization [78]. Figure 1.9 (a) shows that a 50-m-thick 
silicon substrate was used to fabricate a single-crystal silicon diaphragm of 1.2 mm in 
diameter and 5 m in thickness The diaphragm with four integrated piezoresistors 
made by a diffusion process was released using the anisotropic wet etching technique. 
The authors also developed a technique to define precisely the thickness of the 
membrane within 1 m thickness, while the size of diaphragm could be reduced to as 




Figure 1.8: Top view illustration of the pressure sensor; (b) Side view illustration of the 
sensor with the diaphragm under deformation; (c) The SEM picture showing the 
pressure sensor with a square diaphragm and four embedded piezoresistors and their 
arrangement. Figure reproduced from Reference [77]. 
 
Figure 1.9: (a) Top view of a single-crystal silicon diaphragm pressure sensor; (b) cross 
section showing the structure. Figure reproduced from Reference [78]. 
 
Figure 1.10: MEMS pressure sensor evolution from 1950s to 1980s. Figure reproduced 




 Figure 1.10 summarizes and presents the downsizing trends of the pressure sensor  
[79]. Previous mentioned fabrication methods for piezoresistors are found in this 
figure as well. Typically, the piezoresistive pressure sensors maintain a similar design, 
which consists of a suspended diaphragm structure and a substrate with a hole beneath 
the diaphragm. The piezoresistors are normally located at the edge of the diaphragm 
for maximum strain extraction, which coincides with the above pressure sensor case 
study. In our study, we endeavor to further shrink down the size of the pressure sensor 
without losing its high sensitivity by leveraging the scaling advantage of the SiNW. 
 Flow sensor:  In 1974, the first MEMS flow sensor was introduced based on the 
thermal sensing mechanism [80]. In general, the thermal sensing mechanism provides 
excellent sensitivity [81] and fast response time [82]. However, it also suffers 
drawbacks including high heat dissipation, high power consumption and limited 
sensing range [83]. To overcome this drawback, N. Svedin et al. reported the flow 
sensor with the combination of two mechanisms [84]. The thermal sensing scheme 
was used for lower flow rate detection, while the piezoresistive sensing scheme was 
applied for higher flow rate sensing. In the piezoresistive sensing scheme, the sensing 
structure will be deformed by flow induced mechanical forces, i.e. lift force, shear 
force, drag force [85] and even the pressure difference [86]. In this sensing scheme, 
the piezoresistive element is designed to be located at the anchor point between the 
flexible structure and the fixed device substrate.  
One straightforward design of the flow sensor is shown in Figure 1.11 (a) [87]. 
By using the internal stress of thin films, the cantilever structure was able to curve up 
and then deformed when the flow goes across its surface. The piezoresistor was 
placed at the anchor of the cantilever for the purpose of maximizing sensitivity. 
Figure 1.11 (b) and (c) show the bio-inspired design of flow sensors [88]. The 
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cantilever array (Figure 1.11 (b)) and the manually glued wire (Figure 1.11 (c)) 
performed as the hair of animals or human being. The piezoresistors located at the 
bottom of the cantilevers worked like the neurons inside the human body. In such way, 
both flow direction detection and flow velocity sensing were successfully 
demonstrated. 
 
Figure 1.11: (a) Pre-stressed cantilever flow sensor; (b) Single-axis cantilever beams; (c) 
Bio-inspired flow sensor with manually glued wire. Figure reproduced from Reference 
[87] and [88]. 
 
1.2.2 Fatigue of MEMS Devices 
 Fatigue mechanism: One of the most important factors that limit the broad 
application of MEMS devices is their reliability. Considering MEMS devices with 
fragile and/or movable microstructures, high reliability is the essential concern to 
applications. As the devices scale down continuously to micro and nano scale, certain 
factors that are neglected in the macroscopic scale become prominent and dominant. 
In other words, materials in nanoscale may exhibit certain properties different from 
their counterpart in macroscopic scale. Many factors and mechanisms may lead a 
MEMS device to fatigue, e.g. wear, creep, stiction, etc. Clarifying and understanding 
the mechanisms of the failure is critical for a proper and reliable design, and the 
subsequent packaging [14].  
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 Table 1.3 summarizes and lists the generic MEMS elements in various devices 
while Table 1.4 shows the commonly encountered MEMS failure mechanisms. 
Different structures tend to be more susceptible to certain failure mechanisms than 
others. For example, the broadly used comb drive structure in many electrostatic 
driven MEMS actuators tends to suffer the stiction problem, especially when the 
structure surface is relatively rough. 
Table 1.3: Generic MEMS elements. Table reproduced from Reference [14]. 
 
 
 The possible fatigue factors are among the key concerns during a good device 
design and optimization. Both the structure and material should be selected carefully 
to optimize and extend the life of the device. Let‟s take two sensor designs for 
example: One is from the report on the miniaturized accelerometer by W. T. Park et al 
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[52]. The connections of the flexure, the fixed part and the proof mass were purposely 
designed to be with 45 degree fillets. This kind of design is a common practice in 
mechanical engineering to reduce extraordinary stress due to the sharp connection, 
and is able to effectively enhance the device reliability [89]. Another example is our 
pressure sensor design. As humidity is critical to the long term performance of the 
sensor, silicon nitride (SiNx) was put on top of the oxide for protection. It is well 
known that the silicon itself suffer the issue of stress corrosion cracking. 
Table 1.4: Common MEMS failure mechanisms. Table reproduced from Reference 
[14].  
 
However, in our configuration, the SiNW was embedded between the SiNx and 
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SiO2 layer. Silicon nitride is known for its good water proof and chemical inert 
properties; however, the silicon oxide tends to absorb water in a humid environment. 
In our pressure sensor design, the nitride was deposited on top of oxide. Thus, when 
the pressure sensor is packaged in the future, the silicon nitride layer will be exposed 
to the surroundings, which is able to serve as a good protection of the device and 
eventually enhance its fatigue performance [90]. 
Fatigue characterization: Basically, the fatigue characterization of a device or 
material is the detection of the progressive and localized structural damage via 
applying a cyclic loading. The fatigue study can be conducted using a specially 
configured testing platform or MEMS device platform. 
 
Figure 1.12: (a) Schematic drawing of a MEMS mechanical-amplifier actuator; (b) A 
rectangular torsion bar subjected to a pure torque T. There is longitudinal stress in the 
torsion bar during twisted motion; (c) FEM simulation to determine maximum stress on 
tensile samples; (d) Resonant frequency change against time during the fatigue testing 
(test cycle: 108 cycles at stress amplitude 4.4 GPa). Figure reproduced from Reference 
[91]. 
 
 Figure 1.12 (a) shows a mechanical-amplifier actuator used to characterize the 
CHAPTER 1 
 25 
LPCVD silicon nitride thin films. By using a resonant technique, this set-up was able 
to apply different stress levels without high applied voltages. Figure 1.12 (b) shows 
the cyclic mode of the torsion bar sample, the specific stress in the sample was 
obtained via finite element analysis modeling in Figure 1.12 (c). Figure 1.12 (d) 
shows the device resonant frequency evolution against time. The failure of the device 
was determined by a sudden drop of resonant frequency [91]. 
 Comments: The MEMS testing platform in the experiment is worth noting 
[92-96]. This kind of specially made MEMS platform shows several merits for its 
flexibility. Firstly, it can be used to characterize different kinds of samples ranging 
from microscale to nanoscale. Secondly, it can be configured inside an inspection tool 
like the SEM for real time monitoring of the sample behavior.  
 However, it also involves some other issues as well. Firstly, it usually takes effort 
to assemble or synthesize the sample onto the device. This process could be time 
consuming in comparison with the batch production on average and sometimes easy 
to break the device. Secondly, like the four point bending set-up, this kind of testing 
platform can only allow a very limited compressive strain to the suspended sample 
due to the buckling problem. Though facing the above mentioned drawbacks, this 
kind of platform is widely used and specially configured to characterize different 
kinds of samples under various conditions. In the next part on SiNW characterization, 
a specially designed MEMS actuator to apply a large tensile strain to a SiNW will be 
introduced.  
1.3 SiNW Behavior and Devices 
 With the relatively general review above, this section provides some works that 
are more closely linked to my Ph.D. work. The following review involves the basic 
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characterization of the SiNWs under an extra large strain, the fatigue study on the 
SiNWs and the devices using SiNWs. These works explored several aspects relating 
to the practical usage of SiNWs and also helped us to identify the insufficiency and 
blanks reflected in the meantime.  
1.3.1 SiNW Measurement under Large Strain 
 As introduced, the SiNWs are usually studied in a small tensile or compressive 
region. To overcome such limitation, a considerable effort is devoted to the design 
and fabrication of MEMS testing platform. By using the MEMS testing platform, 
characterization of SiNWs under a large range of tensile strain has been reported. 
 Chen and MacDonald assembled a highly doped n-type <110> direction silicon 
fiber onto the MEMS device and elongated it via the MEMS actuator shown in Figure 
1.13 (a). A tensile strain of up to more than 1% was achieved in the longitudinal 
direction. Slightly nonlinear resistance change started to show when the strain 
exceeded 0.5% in Figure 1.13 (b). This data provides a meaningful reference for 
MEMS system designs with large range applications.  
 
Figure 1.13: (a) SEM picture of the micro-actuator with assembled silicon fiber; (b) 
Percentage change of the longitudinal piezoresistance against applied strain. Figure 
reproduced from Reference [11]. 
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A. Lugstein et al. reported the <111> direction as-gown SiNWs with applied 
strain as large as 3.5%, and claimed that the SiNW resistivity dropped as the SiNW is 
elongated with strain exceeding 0.8% [11].   
To deform SiNWs up to large strains with high throughput of data, V. Passi et al. 
recently developed an on-chip internal stress-based testing device. In their report, 
fracture strains up to 5% were attained for the smallest specimens, whereas 90% of 
the specimens were able to survive 2.5% deformation. This testing platform is useful 
to explore the electromechanical couplings under large mechanical stress or large 
deformation [97]. 
 In practical applications, the SiNWs are usually embedded in thin films to form a 
sensor structure which is used not only in tensile state but in compressive state as well. 
Therefore, such investigation of SiNW behavior within a wide range of compressive 
strain is indispensible. In the recent report by S. I. Kozlovskiy et al., the SiNW under 
large compressive stress (~1 GPa) was computationally investigated [98].  
1.3.2 SiNW Fatigue 
 To fully realize the potential of SiNWs for real applications, the fatigue behavior 
of SiNWs is worthy of in-depth study as well. However, up to date, the reported data 
regarding this is quite limited. Based on the atomic force microscope (AFM) 
technique, the fatigue of SiNWs was studied by using a stress-controlled cyclic 
bending test. The experiments were conducted with SiNWs in the tensile region based 
on freestanding suspended SiNWs as following. 
 In T. Namazu et al.'s work, the fatigue testing on the SiNW was conducted by 
leveraging the AFM set-up as shown in Figure 1.14 (a) [18,19]. The authors claimed 





 cycles (Figure 1.14 (b)), but were related to the specimen size, More 
clearly, thinner SiNWs tended to last longer than the thicker ones. As to this 
phenomenon, the authors did not provide strong comments. The fatigue of the 
cantilevers was found to mostly happen at the {111} planes as show in Figure 1.14 (c).  
As to the fatigue mechanism, they commented that cyclic stresses initiated a very 
small sized crack close to failure. The crack would be adequate for failure; however, a 
complete fatigue picture could not be obtained without further experiments.  
 In practical applications, SiNWs usually need to be embedded and integrated with 
other thin films in order to realize various device functions, and will experience strain 
both in the tensile and compressive regions. Besides, it is worth noting that the fatigue 
behavior for the SiNW does not represent that of the whole device. The whole device 
usually involves other thin films and structures as well. These may affect the sensor 
fatigue performance as well. Several SiNWs-based devices are presented in the 
following section.  
 
Figure 1.14: (a) The experimental set-up using the AFM; (b) The S-N curve of the 
sample SiNWs; (c)~(e) The typical fatigue patterns of the SiNWs. Figure reproduced 
from Reference [19]. 
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1.3.3 SiNWs-Based Sensors 
 Though various sensors are reported using SiNWs, not so many devices based on 
piezoresistive SiNWs are given, partially due to the relatively high cost, e.g. the 
fabrication mask is usually expensive. Secondly, to fabricate and integrate SiNWs 
into a working device pose challenges as well. Finally, certain side effects like the 
high noise vulnerability could be another issue for devices. Nonetheless, the small 
size and CMOS compatibility of SiNWs still intrigue researchers‟ interest. The 
pioneering works using SiNWs as sensing elements with gradually mature fabrication 
techniques are keeping pace for potentially high quality devices [34,99]. In this 
section, several works using submicron silicon beams or SiNWs are presented and the 
exposed issues are discussed as well.  
 
Figure 1.15: (a) The schematic drawing of the displacement sensor with the 
suspended sub-micron silicon beam; (b) Cross section of the cantilever-based 
displacement sensor. (c) The comparison of sensors with beams of different 




 Displacement sensor: The most commonly used MEMS structures include 
cantilevers and diaphragms. Extensive studies are conducted based on them and 
optimization in terms of fabrication and structure modification are being proposed all 
the time. Recently, J. Wei et al. developed a displacement sensor using a suspended 
submicron silicon beam to enhance the sensitivity as illustrated in Figure 1.15 (a) and 
(c). The beam was formed as a small bridge in the cantilever anchor through masking 
and XeF2 isotropic etching as seen in Figure 1.15 (b). This kind of design helps the 
anchor stress more concentrated to the beam without modifying the cantilever 
parameters as a whole. In Figure 1.15 (d), the sensitivity of this work showed 120% 
improvement compared to that an equivalent structure with conventional 
piezoresistors. 
 Pressure sensor: Following the discovery of the giant piezoresistive effect, a 
pressure sensor using suspended SiNWs was designed and reported as shown in 
Figure 1.16 (a). The authors claimed that the SiNW of 140 x 200 nm
2
 showed seven 
times more piezoresistive effect than that of bulk silicon. The sensor was reported to 
have a high sensitivity of 337.5 mV/V·MPa and dynamic range of 150 kPa ~ 300 kPa. 
The comparison with other sensing elements was illustrated in Figure 1.16 (d) [100]. 
 From Figure 1.16 (b) we can see that this design has the similar idea as the 
previous displacement sensor. The fabrication involved a wet process other than the 
dry etching. Figure 1.16 (c) the SiNWs presented a quite rough surface profile. This 
sensor is reasonably expected to suffer poor reliability. However, this kind of concept 
using a local modification technique to enhance sensitivity is worth noting.  
 Practically, this kind of design requires necessary consideration on how to protect 
the suspended structure. This can be achieved by designing and inserting a stopper 
during the fabrication or through a post-package to limit the sensor working range and   
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to protect it from outside shock like the dusts in the air [101]. 
 Still motivated by the large piezoresistive effect of SiNWs [31-34], using SiNWs 
as the piezoresistive sensing elements in a pressure-deformable diaphragm was first 
reported by B. Soon et al. [35]. B. Soon et al. used silicon dioxide as the diaphragm 
material as it has low Young‟s Modulus, which will increase the diaphragm 
sensitivity. The schematic drawing of the sensor and the testing set-up are shown in 
Figure 1.17 (a). 
By tuning the carrier concentration of the embedded SiNWs with gate bias 
applied from the backside of the chip, the authors demonstrated pressure sensors with 
extremely high sensitivity as shown in Figure 1.17 (b). However, the large non-linear 
effect shown in Figure 1.17 (c) would increase the complexity of the read-out 
circuitry. In addition,  the sensor deployed a 3.5 μm  buckled-up  SiO2  
membrane.  The high  
  
Figure 1.16: SEM picture of the fabricated device; (b) The side cross section of the 
pressure sensor to the SiNW position; (c) Zoom-in picture to show the morphology of 
the released SiNW; (d) The sensitivity of the pressure sensor with different sensing 
elements. Figure reproduced from Reference [101]. 
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Figure 1.17: (a) Schematic drawing of the pressure sensor and the testing set-up; (b) 
The diaphragm surface profile under different pressure levels; (c) The SiNW 
resistance change versus pressure against different gate bias; (d) The extracted 
sensitivity as a function of gate bias. Figure reproduced from Reference [35]. 
residual stress introduced by a thick thermal SiO2 layer made the diaphragm fragile 
and this had led to very low production yield. Figure 1.17 (d) shows the profile of the 
diaphragm under different pressure levels. It is worth noting that there is an initial 
deflection of around 1.6 μm even without any applied pressure.  
 In summary, although the preliminary works on using SiNWs have shown 
potential of practical device applications, quite many issues are to be addressed in the 
meantime, like reliability, nonlinearity etc. [102-105]. In the following content, we 
start from presenting our findings and understanding on the basic properties of SiNWs 
and their reliability. Then a pressure sensor and a flow sensor with integration of 
SiNWs as sensing elements are introduced and their optimization are discussed.
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Chapter 2.  Device Fabrication and Testing Setups 
 As introduced above, we intended to develop two types of sensors, i.e. pressure 
sensor and flow sensor, with integration of SiNWs via top-down approaches as 
piezoresistive sensing elements. Certain basic SiNW characteristics that are not 
shown in previous works are also explored by utilizing the basic mechanical structure, 
i.e. the diaphragm in our work. A mature and repeatable process is critical for reliable 
and high quality sensors. The small scale of the sensors and the specific requirements 
demand customized testing set-ups as well. In this chapter, the fabrication process and 
the testing platforms are introduced together for the convenience of further discussion. 
As SiNWs play a key role in our work and their small dimensions did involve quite a 
lot of issues in our process development, the fabrication of the SiNWs is presented in 
detail in the first section of fabrication part. Following this,  processes for the 
pressure sensor and the flow sensor are presented. The fabrication of the specific 
diaphragm and cantilever structures without affecting the SiNWs are important. For 
the purpose of characterization, mainly three types of testing platforms are built and 
employed in this thesis, i.e., Platforms of probe based testing, bulge testing and flow 
sensor testing. Their merits and specific applications are introduced in the later 
chapters. In this section, the technical configurations and operation principles are 




2.1 Fabrication Process 
2.1.1 Schematic drawing of the devices  
 
 
Figure 2.1: Illustrations of device designs: (a) The pressure sensor; (b) The flow 
sensor.   
 
    Two types of devices are investigated in this study, i.e. a pressure sensor and a 
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flow sensor. The designs of the two sensors are illustrated in the schematic drawings 
of Figure 2.1. The diaphragm and cantilever structures are employed in these two 
sensors as shown in Figures 2.1 (a) and (b), respectively. The SiNWs are embedded in 
the diaphragm edge and cantilever anchor for maximum stress extraction. More 
detailed description of the sensor designs are given in the later chapters.  
2.1.2 SiNW Fabrication  
Figure 2.2: Illustrations of device fabrications. (a) the SOI wafer in (100) plane; (b) 
SiNWs formation and P-type implantation; (c) second P-type implantation on paddle 
regions and first passivation layer (400 nm of SiO2) deposition by PECVD; (d) via 
open, last implantation on via regions and the metallization.   
 




 (deduced from the nominal resistivity, which is in the range 
from 8.5 Ω∙cm to 11.5 Ω∙cm). The device layer is 117 nm and buried oxide (box) 
layer is 145 nm as depicted in Figure 2.2 (a). To increase the visibility during the 
CHAPTER 2 
 36 
inspection, 320 nm thick photoresist (Model: JSR M221Y) with BARC (Model: 
AR3-600) is coated on the wafer. This is followed by the first photolithography 
carried out by the Nikon Scanner (Model: 203B). The SiNWs are formed in <110> 
crystal orientation with initial width of 160 nm (Figure 2.2 (b)). Then the photoresist 
is trimmed for 60 sec by the plasma induced feeding gas (He/O2 + N2) and the critical 
dimension is approximately reduced to 110 nm. After reactive ion etching (RIE) for 
SiNWs formation, the photoresist ashing (O2 + N2 at 250
°
C) is performed for 2 mins. 
DHF (1:100) and Piranha cleaning are carried out to remove the etching residue and 
the organic residue respectively. Sequentially, thermal dry oxidation (at 875
°
C for 120 
mins) is conducted to further shrink down the dimension of SiNWs. As a result, the 
SiNW with average cross section of 90 nm × 90 nm and various lengths (1 μm, 2 μm, 
5 μm and 10 μm) are finally achieved. In order to maximize the piezoresistive effect 
in <110> direction, the P-type implantation using BF2+ is performed only at nanowire 




 and energy of 55 keV (tilt in 7° and twist in 22°). 
The second P-type implantation is performed at the three paddle regions (two in 
longitudinal and one in transverse directions), which are used to connect two 
nanowires and form an electrical signal path as indicated in Figures 2.2 (b)-(d). The 




 and the implantation energy is 35 keV (tilt in 7° and twist 
in 0°). After two implantations, the dopants are activated by rapid thermal annealing 
(RTA) at 1000
°
C for 30 sec and the estimated doping concentration along the 
nanowire region is around 3.5 ×10
18
 cm
-3. Then, a 0.4 μm plasma-enhanced chemical 
vapor deposition (PECVD at 400
°
C) SiO2 is coated as the first passivation layer 
(Figure 2.2 (c)) with the internal compressive stress in the range of 250 MPa. After 
via opening along two longitudinal paddle regions (shown on Figure 2.2 (d)), the last 




 and the energy of 35 
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keV (tilt in 7° and twist in 0°). After a similar RTA step, the estimated doping 




. In the next step, a HF dip 
(10 sec) is performed to remove the residual at via opening region. A 25 nm TaN layer 
and 750nm AlSiCu layer are sequentially deposited by PVD and selectively etched to 
form the electrical feedbacks from nanowires to bond pads (Figure 2.2 (d)). The SEM 
picture of a 5 μm SiNW in this stage is shown in Figure 2.3 (a), and its corresponding 
TEM cross section picture is given in Figure 2.3 (b). After metallization, the Ohmic 
contact between metal traces and nanowires has also been ensured by measuring the 
contact resistance on a Kelvin structure, which is fabricated using a similar process  
 





Figure 2.4: (a) Mask of a 5 μm SiNW; (b) Kelvin structure for contact resistance 
measurement. 
 
and on the same wafer. The mask of a 5 μm SiNW is presented in Figure 2.4 (a). The 
two lines inside the red circle refer to the parallel SiNWs, which are extended by the 
bigger silicon pads for metal connection. Figure 2.4 (b) shows the Kelvin structure 
used for measuring the contact resistance between the metal trace and the highly 
doped silicon underneath. 
2.1.3 Pressure Sensor Fabrication  
 The pressure sensor fabrication is the continuation of the SiNWs fabrication.  
Figures 2.5 (a) to (c) refer to the SiNW fabrication process until metal connection is 
finished as introduced above. After via opening and metal patterning, a 2.5 μm silicon 
nitride film is deposited to compensate the compressive stress in the SiO2 layer. 
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Finally, DRIE is conducted to release the diaphragm structure. The DRIE process is 
conducted in a time controlled manner as the process does not stop effectively on the 
buried oxide (BOX) layer. The substrate of the wafer is ground to 400 μm before the 
DRIE process. 350 μm of silicon handle layer is first etched away, with the remaining 
50 μm of silicon gradually etched in many etch steps, each of five minutes duration.  
    
Figure 2.5: Process flow to fabricate the pressure sensor. 
 
After each etch step, the wafer is taken out and the backside of the wafer is checked 
under the optical microscope so as to determine whether the entire Si handle layer has 
been fully etched away. Figure 2.6 (a) is obtained by adjusting the focus level to the 
diaphragm backside through the DRIE hole. Fringe patterns, as seen in Figure 2.6 (a), 
will be observed under the OM once the entire Si handle layer is fully etched away. 
These fringe patterns are due to the interference phenomenon of light in the SiO2 layer. 
Figure 2.6 (a), respectively. The pressure sensor chip shown in Figure 2.6 (b) is of 
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square shape with dimensions of 2 mm × 2 mm. The yellow color refers to the SiNx. 
The SiNWs are located along the <110> direction at the edge of the diaphragm for 
maximum strain extraction. Figures 2.6 (c) and (d) show the optical picture and SEM 
picture of the central part of the diaphragm. The red dotted circle denotes the position 
of one SiNW and its SEM picture is shown in the inset (i.e., Figure 2.3 (a)). 
Figure 2.6: (a) Optical picture of the pressure sensor diaphragm after DRIE upon 
arrival at the BOX layer; (b) Optical picture of the pressure sensor; (c) Optical picture 
of the central part of the pressure sensor; (d) SEM picture the central part of the 
pressure sensor. Inset shows the SEM picture of a 5 μm SiNW after metal deposition.  
 
2.1.4 Flow Sensor Fabrication 
Still following the SiNW fabrication as shown in Figure 2.2, the second 
passivation of 2.5 μm low stress silicon nitride layer (tensile stress of 100~150 MPa) 
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is then coated (PECVD at 350
°
C) as shown in Figure 2.7 (a). Consequently, the device 
immunity of the air flow induced vibration is significantly enhanced and the residual 
stress has also been minimized. Next, the wafer backside grinding and polishing are 
carried out and the flow channel is created by backside DRIE up to the box layer. 
Eventually, the front side cantilever structure is defined and etched entirely by the 
focused ion beam (FIB). The final device is shown in Figure 2.7 (b). The cross section 
view of both flow sensor and cantilever are illustrated in Figures 2.7 (c) and (d).  
 
Figure 2.7: (a) 2.5 µm of PECVD SiNx deposition for passivation; (b) backside release 
and front side cantilever structure formation by FIB, (c) the cross section view of the 




2.2 Testing Set-up  
2.2.1 Probe Based Testing  
 A tungsten needle is attached to a manipulator controlled by a position system 
using piezoelectric bulk PZT actuator. The needle is deployed to push the diaphragm 
and transmit the strain to the SiNW. Meanwhile, the electrical measurement of the 
SiNW resistance is conducted. The experiment is conducted at ambient temperature  
 
Figure 2.8: (a) Testing set-up; (b)&(c) Displacement testing with tip located (b) at the 
centre and (c) 50 μm away from the center; (d) The corresponding tip profile change 
against time recorded by the optical microscope.  
on a probe station platform under an optical microscope as shown in Figure 2.8 (a). 
Figure 2.8 (b) and (c) show the different tip positions on the diaphragm in our 
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experiment. For the static measurement, the tip moves in perpendicular to the 
diaphragm at a given velocity of 1 m/s. For dynamic cycling measurement, the tip is 
set to vibrate at the frequency of 100 Hz along the perpendicular direction to the 
membrane. This approach can exert quite high strain to the SiNW under high 
frequency which are difficult to achieve in the bulge test. Finally, it is worth noting 
that the grounding of the needle is of importance to avoid the electrostatic force 
generated during the dynamic testing. Otherwise, the accumulated charge due to the 
tip-diaphragm interaction will cause dust attachment to the tip. Figure 2.8 (d) shows 
one typical evolution of tip profile against time without grounding during the dynamic 
testing. In such case, it is difficult to judge the contact position of the tip upon the 
diaphragm.   
2.2.2 Bulge Testing  
 The characterization of the pressure sensor is conducted using the standard bulge 
testing approach. The testing set-up, shown in Figure 2.9 (a), consists of a probe 
station system, a pressure regulator connected to compressed air for pressure 
application, and the semiconductor parameter analyzer system (Agilent 4156C) for 
electrical measurement. A specially designed test jig is shown in Figure 2.9 (b). The 
jig is assembled using four functional parts: a transparent acrylic plate, an aluminum 
block with gas inlet, a gasket inside the concave for air sealing and the screws used to 
fix the plate and the block together. The acrylic plate has an opening window slightly 
smaller than the chip size. A concave is specially made between the plate and 
aluminum block for the gasket and the chip. Figure 2.9 (c) shows a diced chip, having 
dimension of 2.4 cm × 1.0 cm, from one reticle area of the wafer and contains 
different designs of pressure sensors. It is located and fixed between the gasket and 
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the top acrylic plate is pinned tightly to the aluminum block using the screws. The 
resistances of the SiNWs are recorded during the experiment while pressure is applied 
through the gas inlet so as to generate pressure difference against the outer air 
atmosphere.  
 
Figure 2.9: (a) The testing set-up on a probe station; (b) The test jig for bulge test; (c) A 
sample of die consisting of the pressure sensors.  
2.2.3 Flow Sensor Testing 
Testing setup: The test is conducted at room temperature (25
o
C) with the supply 
voltage as low as 0.1 V to prove the proper device functionality under an ultra low 
power. As depicted in Figure 2.10, the compressed air is directed through the flow 
meter, which controls the flow rate changes. Before air reaching the aluminum base 
for a hermetic seal, a pressure regulator (ALICAT PCD series) is placed in between to 
measure the air pressure feedback from the air channel. Based on the assumption 
made in Section 5.2.2, this read back pressure is supposed to be the same amount as 
the uniform load applied on the cantilever beam. The semiconductor characterization 
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system (Keithley 4200-SCS) is used to measure the piezoresistance variation with 
respect to the change in flow velocity. To avoid incorrect feedback readings caused by 
the air leakage, the hermetic sealing jig is applied (shown in Figure 2.10). The device 
is slotted into an aluminum base. A gasket is used to encapsulate the device and the air 
is confined only within the flow channel. An acrylic plate is covered on top of the 
device with an opening window available for the air flow passing and signals probing. 
Screws at the each corner attach the acrylic plate to the aluminum base and tighten the 
sealing gasket surrounding the device body.  
 
Figure 2.10: Testing setup for SiNWs based cantilever air flow sensor.
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Chapter 3.   Characterization of Silicon Nanowires 
 As introduced above, the SiNW characterization suffers limitation of small range 
of strain, which requires specially designed testing platforms to overcome the fracture 
issues. The diaphragm structure of the pressure sensor serves well as such platform 
attributed to the high fracture stress of the SiNx film. Utilizing such platform, we are 
able to extend our understanding of SiNWs to an unexplored large compressive strain 
level. In our study, both static testing and dynamic testing are conducted to investigate 
the piezoresistance effect and fatigue performance of the SiNWs. This chapter 
presents the characterization using the displacement based cycling test combining the 
standard bulge testing. The results are meaningful references to our sensor design by 
providing information of SiNWs under large static deformation and long time 
dynamic vibration. Such data is critical in predicting the sensitivity, resolution and 
reliability of the SiNWs based piezoresistive sensors.  
3.1 Device Configuration and Simulation 
 Device configuration: The schematic drawing of the diaphragm structure is 
illustrated in Figure 3.1. The post above the diaphragm refers to the needle, mentioned 
in Section 2.2.1, to push the diaphragm for characterization of the embedded SiNWs. 




Figure 3.1: The schematic drawing of the pressure sensor and probe to push the 
diaphragm.  
 
Figure 3.2: The FEM model of the displacement loading (a) at the center of the 
diaphragm; (b) near the edge of the diaphragm; (c) The zoom-in picture of the 
five-layered meshing of diaphragm edge. Inset table shows the parameters used in the 
simulation. 
 
 Simulation: The longitudinal strain across the diaphragm, especially at the SiNW 
area, is extracted using the finite element analysis (FEA) software ABAQUS. The 
model is comprised of 1450 Å BOX layer, 4000Å oxide layer and 2.5 µm SiNx layer 
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based on the real device. The average strain is extracted and averaged from the 
corresponding elements at the SiNW area. The Young's modulus and Poisson's ratio 
values used in the modeling are obtained from the literature [106,107] and the residual 
stress was extracted from warpage of the wafers as shown in the inset table of Figure 
3.2. Figure 3.2 (a) and (b) show the stress distribution across the diaphragm under two 
point loadings exactly at the centre and at 50 μm away from the center, respectively. 
Figure 3.2 (c) shows the zoom-in area at the SiNW location at the diaphragm edge. 
The five layer structure model is used to extract the maximum stress inside the SiNx
 
layer along the edge.  
 
3.2 Basic Characterization of SiNWs 
 Basic characterization of the top-down fabricated SiNWs is conducted for the 
preliminary filtering and selection. The doping effect, gauge factor, temperature effect 
and the noise of the SiNWs are investigated and presensted. The results help us to find 
out the rudimentary characteristics of the SiNWs and identify their suitability for 
working devices.  
3.2.1 SiNW Implantation 
 Pilot work for nanowire characterization is conducted to optimize the doping 








-2. The resistivity of the SiNW is measured as 0.0105 Ω∙cm, 





[108]. I-V curves of 5 m SiNWs (shown in Figure 3.3) at the wafer edge  
and center are measured accordingly using the parameter analyzer. Small voltage 





















 (e) intrinsic. 
 




 dosage shows very good linearity, indicating it‟s 
performance as a pure resistor. In addition, the I-V curves extracted from the wafer 
center and edge perfectly overlapped each other, indicating good uniformity across 




, or even 
without any doping, i.e., at an intrinsic state, the SiNW shows rather high resistance, 
resulting in very low current of picoampere magnitude with obvious nonlinear biasing 
range. The center to edge variation also becomes more distinct when the dosage drops. 
The I-V curves of SiNW with clear non-linear phenomena are probably due to 











 i.e. Figure.3.3 (c), (d) and (e). As the positive 
bias increases, the width of the Schottky barrier becomes narrower. This is evident 
from the tunneling effect appearing at around 1.5 volts where the sudden current jump 
shows. On the contrary, the negative bias makes the tunneling current relatively 
harder to form because it tends to widen the width of the barrier. Thus the current 
jump does not show in the negative voltage region in the I-V curve. 
 P. Neuzil et al. [59] reported that giant gauge factor piezoresistive effect of 





, and applying back-gate bias voltage. However, such SiNWs with giant 
gauge factor are also very sensitive to noise because of a low dosage. After 
considering the complexity and stringent measurement conditions required by the 
high gauge factor with back-gate bias, we present our SiNWs based pressure sensor 
with no-bias applied. This simplifies the connections and makes the sensor signal 
output more immune to noise. Such biased condition could be designed for future 
applications that require higher gauge factor in a more controlled environment. 
 The FEM model built by COMSOL is deployed to calculate the doping 
concentration based on a test structure of bulk silicon as shown in Figure 3.4. The 




. Figures 3.4 (a) and (b) shows the 
structure dimensions and the corresponding model, respectively. In Figures 3.4 (b), 
0.5 V voltage bias is applied at the two blue boundaries, and the total current is 
obtained by integrating the normalized current density at the blue surface. By 
comparing the results from the real testing and the simulation, the resistivity is 
extracted as 0.0105 Ω ∙ cm [108]. 




Figure 3.4: (a) The dimensions of the test structure; (b) The COMSOL model for the 
doping concentration calculation; (c) Resistivity versus impurity concentration at 
T=300 K in silicon. Figure reproduced from Reference [109]. 





         (3.1) 
where NA is the doping concentration, ρ is resistivity, and R is the mobility for P-type 
silicon. The relationship of mobility and doping concentration are illustrated in 
equation (3.2). 
















      (3.2) 
Combining equation (3.1) and (3.2), and based on the given data from the reference 












 , extracted 
from the graph of resistivity versus impurity concentration at T=300 K in silicon in S. 
M. Sze's textbook as illustrated in Figures 3.4 (c) [109]. 
3.2.2 Gauge Factor 
 The preliminary characterization on the SiNWs using a standard four point set-up 





gate bias was applied through the backside of the chip during the test. A typical 
measurement of a 5 μm length SiNW is shown in Figure 3.5. As can be observed, the 
initial resistance of the SiNW changed due to the applied bias; however, the gauge 
factor did not increase after the bias. More specifically, the gauge factors before and 
after the gate bias are 92 and 62, respectively. 
                     
Figure 3.5: The gauge factor of a 5 μm length SiNW studied using a standard four 




3.2.3 Temperature Effect 
To further study the heating effect of the SiNW during measurement, the data of 2 
μm SiNW is used to obtain the temperature coefficient of resistance (TCR). The 
experiment is conducted in a vacuum chamber with a heater and a temperature sensor. 
The sample is stabilized for half an hour for each target temperature step from 300 K 
to 330 K. Labview software is adopted to record the resistance change against the 
temperature. The measured data is shown in Figure 3.6. Though a clear nonlinear 
relationship is observed as the temperature increases, the TCR extracted is around 
-0.0184% K
-1
 by linear fitting. Furthermore, the SiNW is surrounded in the oxide, 
which helps to release the generated heat compared to the suspended SiNW exposed 
to air. This helps explain the relatively small temperature effect in our measurement.
 
Figure 3.6: Temperature effect of a 2 μm SiNW. 
3.2.4 Noise 
 One typical noise behavior of 2 μm SiNW is characterized as shown in Figure 3.7. 
As can be seen, the curve exhibits the characteristics of the 1/f noise and the 
interference at 50 Hz and 100 Hz is clearly observed. Our pressure sensor and flow 
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sensor characterizations are basically static testing, thus the low frequency region 
noise is of the main concern. This data is necessary to derive the sensor resolutions 




Figure 3.7: Noise characteristic of a 2 μm length SiNW. 
3.3 Static Testing 
 The characterization results are categorized and discussed based on the two 
testing methods, i.e. static and dynamic testing. The static testing mainly provides 
information on the SiNW resistance change under an extra large compressive strain 
and the fracture behavior of the diaphragm structure. These results support the 
dynamic testing in terms of determining the tip position and vibration amplitude.  
3.3.1 SiNW Under an Extra Large Compressive Strain 
 Figure 3.8 shows the measured resistance change against tip displacement for the 
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sensors with 2 μm and 5 μm length SiNWs. The initial resistances derived from I-V 
curves of linear characteristics for the 2 µm and 5 µm SiNWs are 88 kΩ and 226 kΩ 
respectively. It shows that the SiNW resistance keeps constant initially until the on-set 
point at about 2.0 μm tip displacement, indicating that the strain introduced by the tip is 
transmitted onto the SiNW. The resistance keeps dropping down to 17.7% for the 5 μm 
SiNW and 15.8 % for the 2 μm SiNW, respectively, as more displacement is 
continuously applied to the tip, while the membrane breaks when tip displacement 
reaches 22 μm and 14 μm, i.e., diaphragm center displacement 20 μm and 12 μm 
accordingly. This data also exhibits a larger resistance change in comparison with 
previous reported data for bulk silicon under a compressive state, where such data are 
usually less than 8%. The enlarged resistance range further proves the effectiveness of 
this testing approach. Moreover, the two curves show good linear behavior up to 
center displacement of about 5 μm in Figure 3.8. The 2 μm SiNW curve gives a 
slightly steeper slope than that of the 5 μm SiNW as indicated by the linear fitting line. 
This is because the 5 μm SiNW sensor senses wider span of longitudinal strain across 
its length than that of the 2 μm SiNW; in other words, the 5 μm SiNW has lower 
average compressive strain than the 2 μm SiNW under the same diaphragm center 
displacement. 
 There is a nonlinear region observed for both cases when the center displacement 
is larger than 5 μm till the fracture point. The resistance change decreases as the strain 
increases in this region, which indicates that the gauge factor of the SiNW drops as 
the strain increases. Such nonlinear behavior has been investigated firstly by K. 
Suzuki et al. [110], and stress decoupling of the degenerate valence band into two 
bands of parlate and oblate ellipsoidal energy surface is proposed to explain the origin 
of the piezoresistance of p-silicon diffused layers. Our result is a further evidence to 
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show the non-linear behavior of the piezoresistance of p-type silicon in an extended 
compressive range. Besides, the SiNW is reported with giant factor by He and Yang 
[3]. The compressive strain range where the giant factor is demonstrated is within 
0.06%, which corresponds to the red box shown in the inset of Figure 3.8. The 
evolution of the SiNW behavior under an extended region of compressive strain could 
Figure 3.8: The SiNW resistance change against tip displacement, inset shows the 
SiNW strain against the center displacement.   
 
be of great value towards revealing the origin of the giant piezoresistive effect. From a 
scientific point of view, the p-type SiNWs is not fully understood, and it requires 
more experimental effort [111]. Our results revealed the SiNW properties in the large 
compressive strain region where it has not been reported until now. However, the 
silicon piezoresistive mechanism is not fully understood and it requires more 
experimental effort. Additionally, for practical applications, this result indicates that 
calibration is required to offset the non-linearity when such sensors employ the SiNW 
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under large compressive strain.    
3.3.2 Effect of Point Loading Position 
 Experimental observation: The tip position at different position of the 
diaphragm may also affect the applied strain to the SiNWs. A typical fracture 
measurement of the diaphragm with the tip at the center (red curve) or 50 m (blue 
curve) away are shown in Figure 3.9. As can be seen, the diaphragm breaks when the 
contact points moves downward to a distance of 11 m with 22% resistance change 
for the blue curve, in comparison of 20 m with 17% resistance change for the red 
one. When the tip is closer to the diaphragm edge, it is readily understood from 
geometrical point of view that the diaphragm tends to break more easily under a 
shorter pushing distance. In the meantime, however, it is worth noting that the SiNW 
exhibits a higher resistance change as well. Based on the simulation, the two circled 
points have identical maximum stresses in the SiNx layer, while different resistance 
changes are found in the SiNWs from the experiment. This fact is explored by using 
the FEA modeling software ABAQUS and will be discussed in more detail in the next 
section.  
The fracture stress of the composite diaphragm is decided by the toughest 
material, i.e., the SiNx layer [24]. In the static testing, the fracture stress of SiNx is 
extracted as well. When the tip is in the middle or 50 m away from the center, the 
diaphragm usually fractured at around 19 m or around 11 m, respectively. The 
fracture stress of the SiNx layer is extracted using the FEA modeling combining with 
the displacement testing results. The SiNx layer is found to have a fracture stress of 
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Figure 3.9: The SiNWs resistance changes against the tip displacement by static 
fracture testing. 
Figure 3.10: The tip location effect on the ratio of SiNW strain against maximum SiNx 
stress.  
   
around 4.4 GPa. Based on the maximum Von Mises stress from the modeling and the 
theories of burst pressure [112,113], the burst pressure(maximum nondestructive 
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pressure) is derived as around 470 psi on avarege, indicating the strong mechanical 
stiffness of the diaphragm.    
    To more obviously reveal the dependence of the SiNW strain and the maximum 
stress in the SiNx film on the tip position, we can define a mathematic ratio A as 
follows: A = ε NW / ζ SiN, where ε NW refers to the strain of the SiNW and ζ SiN refers 
to the maximum stress in the SiNx
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understood as how much compressive strain the SiNW exhibits when the SiNx layer 
has a maximum stress of 1 GPa. It is found that this ratio depends on the tip position 
on top of the diaphargm. Figure 3.10 shows the relationship between A and the tip 
location along the line connecting the diaphragm center and the SiNW. Four loading 
points of every 25 m distance are chosen for the simulation using ABAQUS. These 
points represent the tip positions deviated from the diaphragm center toward the 
SiNWs as indicated in the inset of Figure 3.10.    
    We can apply this data to interpret the experimental results in Figure 3.10. As 
mentioned above, the two circled points in Figure 3.9 have identical maximum 
stresses in the SiNx layer, but different resistance changes in the SiNWs. More 
specifically, the resistance changes for the red circle and blue circle are 22% and 16 %, 
respectively, indicating that a larger strain is applied into the SiNW for the blue circle 
point than for the red one. The strains in the SiNWs at these two points are around 2.1% 
and 1.5% from the simulation, which agrees with the experiments well. Provided that 
the maximum stresses in the SiNx layer are kept identical, this data indicates that 
different levels of strain are able to be applied to the SiNW with different tip positions. 
In other words, we can manipulate the tip position on the diaphragm to generate 
different maximum longitudanal strain to the SiNW before fracture. Thus, we are able 
to measure the SiNW under an even larger compressive range than reported before. 
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This result is meaningful by providing a good platform and approach to invetigate the 
behavior of SiNWs or even other integratable nanowires as piezoresistive sensing 
elements. 
3.3.3 Sensitivity versus SiNW Lengths Under Displacement Testing 
     The sensors with different SiNW lengths are studied using the displacement 
testing with tip located 50 m away from the diaphragm center. The response curves 
are recorded as shown in Figure 3.11. As can be seen, the shorter the SiNW, the larger 
the resistance change of the sensors is measured. This length dependence is 
reasonably attributed to the non-uniformly distributed strain along the SiNW. More 
specifically, the longer the SiNW, the lower the average strain that will applied to the 
SiNW under the same displacement loading. The length effect of the SiNW is of 
interest in terms of fatigue in our  later discussion under dynamic testing. It is 
possible that the longer SiNW would involve more defects than the shorter ones, 
which  then tend  to fail  more easily accordingly. This static characteristics of the  
Figure 3.11: The displacement testing of diaphragms with SiNWs of 1 μm, 2 μm, 5 




SiNWs with different lengths also provide a basic understanding and reference for the 
SiNWs and serves as the foundation for the next study. 
3.4 Dynamic Testing 
3.4.1 Fracture Pattern      
    Figures 3.12 (a) and (c) show the SiNW resistances against time by the dynamic 
cycling testing when the tip is positioned 50 µm away from the measured SiNW with 
a vertical movement range of 10 µm and 9 µm, respectively. The stable periodical 
shape from each cycle of displacement shows that both the probe testing system and 
the pressure sensor are working properly during the vibration. The resistance changes 
of the SiNWs in Figures 3.12 (a) and (c) are 21% and 25%, respectively. The 
corresponding strain of the SiNW is extracted as 1.5%. Furthermore, Figures 3.12 (a) 
and (c) show that the diaphragms suddenly break after 2.7×10
3
 cycles and 6.5×10
4
 
cycles with an applied stress close to the fracture stress, respectively. The 
corresponding optical microscope photos of the fractured diaphragms are shown in 
Figure 3.12 (b) and (d). In both cases, the red circles in Figure 3.12 (a) and (c) show 
the breakage of the pressure sensor with a resistance jump; however, there is no 
transition observed before fracture occurred, which indicates that the fatigue happens 
due to a sudden brittle fracture. In Figure 3.12 (a), a constant resistance appears after 
the periodical resistance change stops. Figure 3.12 (b) reveals that the fatigue happens 
at the edge of the diaphragm due to the originally existing flaws. It appeared as the 
most cases in the tested samples of our experiment. This is because the edge 
experiences the largest stress across the diaphragm during the test. It is worth noting 
that the measured SiNW in the yellow coracle is operational without damage, 
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indicating it happens to be out of the fracture path, possibly due to the reinforcement 
from the metal pad at the SiNW area. In Figure 3.12 (d), the radioactive shape of the 
fracture path shows the high stress around the tip contact area. Such observed shape is 
expected as the crack is caused by the needle-diaphragm interaction [114]. To further  
 
Figure 3.12: (a)&(c) The SiNW resistance change against applied cycles when the 
displacement is close to fracture displacement; (b) and (d) Optical pictures of the 
corresponding fractured diaphragm; (e) The zoom-in profiler of the tip-diaphragm 
interaction area on the diaphragm; (f) The profile across the area using Vecco Profiler. 
 
illustrate this point, a surviving diaphragm after nine hours of vibration under 6µm 
dynamic testing is measured around the contact point. Figure 3.12 (e) shows the three 
dimensional picture, from which an indent is obviously seen. The profile 
measurement reveals the depth of the indent as around 0.072 µm as illustrated in 
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Figure 3.12 (f). This data further proves the rigidity of the needle and the relative 
elasticity of the SiNx film. The indent is formed as a consequence of a prolonged 
interaction of the needle with the diaphragm, and it eventually evolves into the crack 
initiation site. Based on this observation, a needle with a relatively round tip is 
preferred in our experiment to reduce the possibility of breaking the diaphragm from 
the contact point, thus to elongate and maximize the dynamic testing time onto the 
embedded SiNWs. In fact, during most of the experiments we conducted, the fatigue 
of the diaphragm happens at the diaphragm edge. By extracting the maximum von 
misses stress from the edge of the diaphragm using simulation, we are able to derive 
the fatigue behavior of the SiNx film by presenting the stress (S) against the number of 
cycles to failure (N), i.e., the S-N curve, as shown in Figure 3.13. More details are 
discussed in the following section.   
3.4.2 S-N Curve 
    The fatigue testing on the SiNx film is conducted by placing the tip 50 μm away 
from the diaphragm center. The displacement range and the maximum stress in the 
SiNx film in the testing are shown on the left and right vertical axis of the S-N curve as 
shown in Figure 3.13. The yellow and red dots represent the samples that fatigued 
before or survived after the threshold of 1x10
7 
cycles during the dynamic testing, 
respectively. For the convenience of discussion, three regions are proposed in the S-N 
curve graph as following:  
Region 1 : The sensor is not able to sustain for quite many cycles up to 1x10
7
. The 
diaphragm tends to break quickly under a relatively large stress to the diaphragm. The 
maximum stress in the SiNx layer is more than 3.0 GPa, and lower than its average 
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fracture stress of around 4.4 GPa. The applied strain in the SiNW is more than 1.4%. 
Regarding the applied stress above Region 1, the diaphragm is damaged quickly.   
Region 2 : The diaphragm is able to survive exceeding 1x10
7
 cycles when the applied 
stress is beyond the working range of the pressure sensor but lower than Region 1. 
The maximum stress in the SiNx layer is lower than 3.0 GPa and the applied strain to 
the SiNW is not more than 1.4%. It is considered that no fatigue happens in this 
region. 
Region 3: Obviously, no fatigue behavior happens in Region 3. This region represents 
the safe working range of the sensor, in which our pressure sensors can perform with 
good reliability. 
Similar fatigue properties for the silicon nitride are observed in both macroscopic and 
microscopic scales, and their mechanisms are discussed as a result of the progressive 
accumulation of damage [115]. As can be seen, the diaphragm tends to break quickly  
 





In the dynamic test when the maximum stress in the SiNx layer comes close to its 
fracture stress; however, it is able to survive quite a large number of cycles when the 
maximum stress is below a certain critical stress for the SiNx film. The above 
observations correspond to Region 1 and Region 2, respectively. As mentioned, 
Region 3 is considered as the working range of the pressure sensor and is reasonably 
considered as safe operation conditions without fatigue due to the big gap of Region 2. 
Furthermore, the pressure sensor usually works in a very low frequency or quasi-static 
environment in real applications, thus the crack growth rate in the SiNx film is 
expected to be even lower by several orders of magnitude in comparison with that 
under cyclic loading in the dynamic testing [116]. Overall, this data serves as a further 
evidence of the properties of SiNx as a brittle material, and proves the endurability 
and reliability of the sensor. Thus as long as the pressure sensor is protected from 
working in Region 2, it is able to function without breaking the mechanical structure. 
The detailed performance change during the dynamic testing is discussed in the 
following section. 
3.4.3 Pressure Sensor Characterization During Dynamic Testing 
 As mentioned before, the probe based displacement testing is used as it can exert 
quite high strain to the SiNW with high frequency of cycling in which it is difficult to 
be achieved in the bulge testing. However, in order to judge the fatigue of the sensor, 
the bulge testing is preferred because its uniform pressure application to the 
diaphragm is able to reasonably eliminate the uncertainty of the tip positioning onto 
the diaphragm in the probe based testing. Furthermore, even if the tip can be 
positioned very exactly, the displacement testing may not be able to reflect the 
properties change of the films, e.g., whether it becomes compliant or not; but this can 
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be immediately revealed by the bulge testing because it is based on force application 
other than geometric deformation. Finally, the profiles of the pressure sensor during 
the dynamic testing are recorded to explore the profile evolution.   
 The experiments are conducted in the three regions that are mentioned above 
using pressure sensors with SiNWs of 1 m, 5 m and 10 m in length. A total of 21 
samples are measured in our experiment and conducted in these three regions. Figures  
 
Figure 3.14: (a), (b) and (c) The bulge testing results of pressure sensors with (a)1 μm, 
(b) 5 μm and (c)10 μm SiNW under 8 μm displacement testing; (d) The sensor under 6 
μm dynamic testing; (e) The initial resistance against time; (f) The bulge testing results 
with pressure sensor under 2 μm dynamic testing. 
 
3.14 (a), (b) and (c) show the typical bulge testing results in Region 1. The dynamic 
testing is conducted with 8 m in amplitude and  the applied strain to the SiNW is 
around 1.5%. A resistance drift is clearly observed at different time intervals during 
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the testing, while no obvious dependence on the SiNW length is found for the drift. 
However, the sensitivities of the sensors basically remain unchanged during the 
dynamic testing. Figure 3.14 (d) shows one typical testing result in Region 2. The 
strain to SiNW is around 1.3% under the 6 m dynamic testing. The drift 
phenomenon is observed in this region as well. Since the sensor is considered without 
fatigue behaviour in this region, the detailed resistance drift against time is shown in 
Figure 3.14 (e). Finally when it falls into region 3, the drift is interestingly found to  
Figure 3.15: (a) The 2-D diaphragm profile of pressure sensor before dynamic testing;  
(b) The recorded data of the topography across the diaphragm before the dynamic 
testing; (c) The 2-D diaphragm profile of the pressure sensor after a 16-hour dynamic 
testing; (d) The recorded data of the topography across the diaphragm after the 
dynamic testing. 
 
have disappeared as shown in Figure 3.14 (f). In this testing, the tip movement  
range  is  set  as 2 μm and the  resistance  change is around 6%, which is well 
within the application range [15]. To explore the cause of the drift phenomenon, the 
diaphragm profiles at selected time intervals are recorded. In our measurement, the 
diaphragm shows no obvious change before breaking. Figure 3.15 shows a typical 
comparison of diaphragms before and after the dynamic testing. As can be seen from 
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Figure 3.15 (a) and (c), the diaphragms present basically the same profile with a good 
flatness. Figure 3.15 (b) and (d) further prove the nearly identical topography of the 
two diaphragms with centre deflections of 0.085 μm and 0.058 μm, respectively. It is 
almost impossible to capture the transition state before a sound diaphragm breaks 
suddenly due to its brittle properties. 
 Combining the results of bulge testing and profile recording during the dynamic 
experiment, we can reasonably make some quick comments: 1) The mechanical 
structure of the diaphragm and the SiNWs basically show no clear degradation before 
breaking and there is a strong adhesion between the SiNW and its surrounding oxide; 
otherwise, the sensitivity of the sensor will be affected. In D. M. Tang's report, the 
SiNWs demonstrated considerable compliant property under bending test. The SiNWs 
are able to be bent repeatedly in a bending strain of lower than 14% [117]. 2) The drift 
is of main concern and it is related to the applied stress. As observed, the initial 
resistance change is usually within the range of 1%. Small stress helps to eliminate 
the drift phenomenon. 
This drift can be reasonably attributed to stress-induced charge trapping and 
detrapping in the silicon and oxide interface in the dynamic testing. The stresses cause 
the localized deformation, which acts as traps as well. [118-120]. The charge trapping 
and detrapping at the silicon-oxide interface would affect the carrier density in the 
SiNW channel, thus causes the drift of the initial resistance of the SiNW [121,122]. 
Due to the relatively heavy doping level inside the SiNW, slight carrier concentration 
change will not have significant effect on the SiNW behavior [13]. The constant 
sensitivity during the dynamic testing shows that the piezoresistive property in the 
SiNW is not affected in our pressure measurement range.  
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 It is worth pointing out that the stress induced trapping and detrapping 
phenomenon should follow a certain probability distribution regarding the stress, 
which means a certain transition area must exist and should reasonably lie in the 
migration region from Region 2 to Region 3. It is difficult to determine the exact 
threshold when the stress starts to introduce trapping and deptrapping into the 
interface, and it is supposed to be a matter of probability. However, since drift of the 
initial resistance can be offset by the circuitry, the results reveal that the pressure 
sensor is able to function continuously and properly in Region 2 and consistently 
within Region 3. To erase the drift effect of the sensor, deuterium incorporation is 
suggested to improve the interfacial oxide quality ascribed to the deuterium isotope 
effect. By forming the Si-D bonds instead of Si-H in the SiO2, such process  
effectively helps  suppress the generation of oxide traps [25]. Furthermore, from 
practical point of view, with the good water proof property of the SiNx film, the 
multi-layered pressure sensor is promising as a long time implanted biomedical 
device after appropriate packaging. 
3.5 Conclusion 
SiNWs embedded in the suspended multi-layered diaphragm was investigated 
under the static test and dynamic cycling test by combining the probe-based testing, 
bulge testing and profiler recording. In the static testing, the SiNx layer is found to 
have fracture stress of around 4.4 GPa and the SiNW is able to be applied with strain 
of more than 2.1% without breaking the diaphragm. In the dynamic testing, no 
obvious mechanical change of diaphragm profile is observed during the dynamic 
testing before breaking. A large compressive strain level up to 1.5% applied to SiNWs 
under dynamic testing is firstly reported so far. No obvious fatigue behaviour is 
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observed in the SiNWs at different compressive strain levels. The initial resistances of 
the SiNWs drift during the dynamic testing. The drift is found related to the applied 
stress, and small stress helps to minimize the drift phenomenon. However, the 
sensitivity of the pressure sensor maintains constant under the bulge testing approach. 
Overall, the characterization presents the reliability in terms of the mechanical 
structure as well as the SiNW performance. From the sensor point of view, the results 




Chapter 4. Optimization of an Silicon 
Nanowires-Based NEMS Pressure Sensor 
 NEMS SiNWs based pressure sensors provide advantages such as compatible 
process technology to CMOS manufacturing lines, ultra compact footprint, easy 
integration of CMOS readout circuitry and high temperature stability. Development of 
NEMS SiNWs based pressure sensors can fulfill strong demands from harsh industry 
applications, e.g. oil well down-hole digger head, to biomedical implants [123], e.g., 
sensorized guidewires. As introduced in Chapter 2, S. Boon et al. developed the first 
"giant piezoresistance effect" pressure sensor using SiNWs. In that work, extreme 
high sensitivity and high noise vulnerability are demonstrated. However, a large 
non-linear effect exists, which poses a high demand to the electrical circuitry. In 
addition, the clearly swelled SiO2 membrane due to the high residual stress indicates 
poor reliability and low production yield. To address such issues and make 
improvements for practical applications, we develop a multilayered pressure sensor 
using SiNx thin film for stress compensation and relatively high doping SiNWs for 
easy electrical readout.   
 In this chapter, we report the characterization and optimization of such NEMS 
SiNWs based piezoresistive pressure sensors of multi-layered diaphragm structures. 
The pressure sensors have optimized diaphragms with nearly zero-deflection and 




4.1 Design and Simulation 
 Design: The schematic drawing of the pressure sensor is illustrated in Figure 4.1, 
while the fabrication, SEM image and the optical microscope image of the entire device 
chip have been introduced in Section 2.1.2. As introduced, the diaphragm of the 
pressure sensor is 200 μm in diameter, and comprises of 2.5 μm SiNx film and 0.5 μm 
SiO2 film. The SiNWs are embedded at the diaphragm edge near the bottom face for 
the sake of maximizing strain extraction. The yellow traces refer to the metal for 
electrical readout, and the pads are exposed to the air for testing and further 
packaging. 
 





Figure 4.2: FEM results of (a) longitudinal strain distribution of a pressure sensor; (b) 
Zoom-in picture showing the strain distribution at the SiNW area with three-layer 
meshing. 
 
 Simulation: To extract the strain across the diaphragm, especially at the SiNW 
area, finite element analysis (FEA) using the ABAQUS software is performed. Figure 
4.2 (a) shows the longitudinal strain of the diaphragm along the <110> direction under 
20 psi uniform pressure, of which the graphical deformation is intentionally enhanced 
for clearer illustration. The longitudinal component is defined by having the changes 
of strain and current flow in the same direction. Therefore, this longitudinal strain is 
distributed along a pair of SiNWs located at exactly opposite edge of the diaphragm. 
Figure 4.2 (b) shows the three layer structure model, which comprises of 1450 Å 
BOX layer, 4000 Å oxide layer and different thicknesses of SiNx layer. Based on this 
structure, the average strain is extracted and averaged from the corresponding 
elements at the SiNW area. The Young's modulus and Poisson ratio values used in the 
modeling are obtained from the literature [106,107] as mentioned in the previous 
chapter and the residual stress was extracted from warpage of the wafers. FEM 
modeling is conducted to fit the experimental measurement results and to confirm the 
accuracy of film parameters used in the FEM modeling. 
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4.2 SiNW Optimization   
 The design and optimization of geometry for conventional piezoresistors versus 
the diaphragm dimension have been investigated and reported for bulk and epitaxial 
silicon [124] as well as for porous silicon [125]. Different from the optimization of 
doping concentration for the bulk silicon based piezoresistors with respect to the 
geometrical parameters of a silicon flat diaphragm and a SiO2-on-Si bi-layered 
cantilever structure [126], we are presenting our optimization work for SiNWs based 
pressure sensor characterization with respect to doping concentration, length, SiNWs 
orientation and layer structures of the sensor diaphragm. 
4.2.1 SiNW Length 
Figure 4.3: The resistance change against applied pressure with SiNW lengths of 1 
m, 2 m, 5 m and 10 m, respectively. 
 
 
 With the advantage of good scalability, the SiNWs can be accurately placed at a 
specific position in the membrane for a target strain extraction. In this test, the SiNWs 
are located between the bottom 1450 Å BOX layer and 4000 Å PECVD passivation   
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oxide layer with another 2.5 μm SiNx on top. This thin BOX layer facilitates that the 
SiNWs are located away from the diaphragm neutral axis. Additionally, this enables 
the feasibility of further reduction of diaphragm thickness at a given diameter without 
compromising the device performance. As mentioned above, the SiNWs with the 
cross section of 90 nm by 90 nm are located at the diaphragm edge to maximize the 
applied strain. To explore the sensitivity dependence upon SiNWs length, 0 to 20 psi 
pressure is applied to the sensors with SiNWs length of 1 m, 2 m, 5 m and 10 m 
along the <110> direction. Figure 4.3 shows the results of pressure sensor 
characterized under a standard bulge test. As observed from Figure 4.3, 1 m SiNWs 
based design has the highest sensitivity while the 10 m one has the lowest. Here the 
sensitivity of the pressure sensor is defined as: 







        (4.1) 
where S represents the sensitivity, R refers to the SiNW resistance, and P is the 
differential pressure uniformly applied to the diaphragm. Using such definition, the 





, and 0.09% psi
-1
, respectively. This is due to the decreasing 
distribution of the stress from the diaphragm edge to center. Hence, the shortest 
SiNWs with length of 1 m experiences the largest average stress. The same 
explanation also applies in strain distribution. As a result, a gauge factor as large as 78 
is extracted from the 1 m SiNWs, whereas in cases of SiNW with other lengths, the 
integration should be considered for more precise calculation. We also did four point 
bending testing which gives similar gauge factor for SiNW with different lengths by 
utilizing the uniform stress application from such a set-up. 
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4.2.2 SiNW Orientation 
Figure 4.4: The resistance change against pressure for sensors with SiNWs along 
<110> and <100> directions. 
 
Single crystal silicon has a high gauge factor, which makes it well suited to 
enable high sensitivity piezoresistive devices. However, the orientation dependence of 
single-crystal silicon must also be taken into account. Many research studies have 
been done regarding the effect of different orientations on SiNWs performance. 
Kanda plotted the piezoresistive coefficient in arbitrary directions on the commonly 
used (100) crystal plane graph [46]. Our results match their study in comparison on 
piezoresistance between <110> and <100> SiNWs direction. Figure 4.4 shows that 
the bulge testing results of pressure sensors with 1 m SiNWs along both orientations. 
Based on our measurement, the sensitivity of 1 m SiNWs in <110> direction is 0.32% 
psi
-1
, whereas the sensitivity of similar length SiNWs in <100> direction only is 0.046% 
psi
-1
. This difference is as huge as 7 times. 
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4.2.3 Temperature Effect of The SiNW 
 
Figure 4.5: (a)-(d) The resistances of SiNWs with lengths of 1μm, 2μm, 5μm and 
10μm against bias voltage from 0.2V to 0.5V. 
 
To avoid joule heating effect during measurement, the sweep of voltage should be 
controlled within a small range, and the sampling points and sampling time should be 
minimized. Besides, if the measurement voltage is too low, the SiNW is relatively 
vulnerable to surrounding noise. Thus in our measurement, we adopt bias voltage 
from 0.2V to 0.5V. During the testing, 51 points are taken with sampling time of 10 μs 
for each data point. The resistances of SiNWs with length of 1 μm, 2 μm, 5 μm and 10 
μm against applied voltage are shown in Figure 4.5 (a) to (d), respectively. As can be 
seen, the resistance change during the sweep is quite small, i.e. within 0.1%.  Such 
resistance change is negligible in comparison of the measurement range of the 
pressure sensor.  
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4.3 Diaphragm Optimization 
4.3.1 Single SiO2 Layer vs. Multi-Layered Diaphragm 
 
Figure 4.6: (a) The 3-D picture of the buckled diaphragm made of pure oxide (b)&(c) 
The top view of the buckled (b) up and (c) down diaphragm (d) The 3-D picture of the 
diaphragm with 2.5 μm SiNx layer on top of 0.5 μm SiO2.   
 
 As introduced in the fabrication process flow, a dielectric layer is deposited for 
the purpose of diaphragm formation and metal passivation. The commonly used 
dielectric materials include SiO2 and SiNx. Due to internal stress difference, i.e. 
compressive stress for SiO2 and tensile stress for SiNx, different thicknesses of each 
material are investigated in our fabrication. A white light interferometer (VEECO 
NT3300) system is used to record the surface profile. Figure 4.6 illustrates the 
comparison of the diaphragms made of pure oxide layer and SiNx-SiO2 combined 
layer. The pure SiO2 fabricated diaphragm has merit of higher sensitivity due to its 
relatively low Young's Modulus. However, such diaphragm suffers from buckling and 
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wrinkling issues due to its internal compressive stress. V. Ziebart et al. discussed the 
buckling state of the diaphragm in detail and classified the buckling states based on 
the symmetry property of the diaphragm, i.e. reflection symmetry and rotation 
symmetry [127]. Accordingly, we define the diaphragm without reflection and 
rotation symmetry as a wrinkled state. Figure 4.6 (a) shows the 3-D picture of a 3 m 
SiO2 diaphragm with obvious buckling profile. Such buckling in both upward and 
downward directions is observed as shown from the top views in Figure 4.6 (b) and 
(c), respectively. The red color represents a higher deflection for out of surface 
direction while the blue color refers to a lower deflection in the same direction. To 
compensate the internal compressive stress of SiO2, a 2.5 m SiNx layer with 220 
MPa internal tensile stress is deposited on top of the 0.5 m SiO2 layer. The 3-D 
picture of the bi-layered diaphragm with nearly zero deflection is shown in Figure 4.6 
(d). The uniform blue color implies the flat topography of the diaphragm. The central 
deflection of such diaphragm is smaller than 0.05 m. Table 4.1 shows our 
optimization work on diaphragms made of different combinations of BOX layer and 
SiO2/SiNx layer. The diaphragm using 1.4 m SiO2 (1 m BOX plus 0.4 m PECVD 
oxide passivation layer) before further deposition shows the largest deformation with 
the highest deflection point of 6.1 m and the asymmetric diaphragm shape refers to a 
wrinkled state. The oxide deposition on top helps reduce the wrinkling situation. 
However, the diaphragms still show deflections of 1.7 m for 2.5 m thick oxide 
layer and 2.5 m for 1.5 m thick oxide layer. This situation is drastically improved 
with the help of internal tensile stress of PECVD nitride. As can be seen from Table 
4.1, 2.5 m SiNx with 1 m BOX and 1450 Å BOX give only 0.1 m and 0.05 m 




Table 4.1: The diaphragm profiles of different combinations that consist of bottom 




4.3.2 Effect of SiNx Layer Thickness 
Figure 4.7: (a) and (d), (b) and (e), (c) and (f) show the optical picture and 3-D 
profiler picture of the diaphragms after 30 min, 45 min and 60 min SiNx layer etch 
respectively.  
 
To investigate the surface profile of the SiNx layer with different thickness on 
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oxide layer, one die with original SiNx thickness of 2.5 m is chosen and etched using 
CHF3 reactive ion etch (RIE) to thin down the nitride thickness based on time control. 
Firstly, 30 minutes of RIE etch is conducted and the results are shown in the optical 
and 3-D profile pictures in Figure 4.7 (a) and (d). After another 15 minutes of ethcing, 
the SiNx layer is fully removed and the corresponding results are shown in Figure 4.7 
(b) and (e). Finally, an extra 15 mins of etching is added in order to observe the 
surface profile of the further thinned down diaphragm. In Figure 4.7 (f), the surface 
profiler picture cannot be fully recorded because of the large deflection exceeding the 
equipment limitation, but the wrinkling status can be clearly observed. These three 
pairs of diaphragm pictures show clear transformation from a regular diaphragm of 
good flatness into a wrinkled diaphragm of irregular deformation, with respect to RIE 
etching time increment. It is worth noting that, in Figure 4.7 (b) and (e), the edge of 
diaphragm is in a star-shape after the SiNx is just stripped, indicating the stress 
distribution inside the SiO2 layer along the membrane edge. The star-shape shows on 
set stage in between the flat multi-layered diaphragm and the wrinkled diaphragm. 
After the SiNx layer is stripped, the membranes swelling in both upward and 
downward directions are observed as well. 
To quantitatively explore the relationship between the diaphragm deflection and 
the SiNx thickness, the top view of profiles and vertical deflection of the multi-layered 
diaphragms with SiNx layers of various thicknesses are recorded and shown in the 
inset of Figure 4.8. The sample is placed with some rotation to avoid the height jump 
at the SiNWs and the junction of electrical connection location. The vertical 
deflection at the diaphragm center increases from 0.05 μm to 4.90 μm with respect to 
SiNx layer thickness decreasing from 2.5 μm to 0 μm. By fitting the scattered data, 
we can clearly observe that the membrane central deflection change is relatively small 
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within the range, where the thickness of the SiNx layer varies from 2.5 μm to 0.7 μm. 
However, the deflection jumps from around 0.4 μm to nearly 5 μm as the thickness of 
SiNx film is further thinned down from 0.7 μm to 0 μm. After the diaphragm is 
further etched into the wrinkled state, a maximum deflection point as high as 8.3 m 
is observed. This clear non-linear relationship indicates that the SiNx layer is able to 
modulate the diaphragm profile in an effective manner before the thickness of SiNx 
reaches 0.5 m; whereas in the case of deposition of more than 0.5 m SiNx, the 
improvement becomes less effective. In addition, in comparison with the concentric 
profile of 1.6 m SiNx diaphragm, non-concentric profile is observed with 0.7 m 
SiNx as shown in the inset Figure 4.8 (c). Such non-concentric profile will make the 
diaphragm potentially impractical for real situation in the long run. Although the 
thicker SiNx layer will lower the pressure sensor sensitivity due to bending stiffness 
increase, decreasing the thickness of SiNx by a large amount will reduce the linear 
region and overall working range. These considerations indicate compromises should 
be made to choose an appropriate thickness of SiNx layer and it will be discussed in 
the following parts. The etching-back approach using one die helps avoid the chip 
variation across the wafer during the fabrication process. Most importantly, it saves 
the effort and resources to fabricate a batch of whole pieces of devices by depositing 
SiNx layer with different thickness. Following this guideline, we verified the results in 
one later version of short-loop fabrication of 1 m SiNx diaphragm without SiNW. 
The diaphragm shows very similar results. i.e. around 0.1 m central deflection for 1 
m SiNx layer deposition. Furthermore, in order to find the working range of pressure 
sensor with 2.5 m SiNx, the fracture test will be conducted. In the test, the tungsten 
needle with tip diameter of 300 nm is manipulated by the PI E-517 Digital Piezo 
Controller to push the diaphragm in top down direction. The diaphragm fracture point 
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with respect to needle tip displacement will be explored in discussion of the pressure 
sensor working range section. 
      
Figure 4.8: Diaphragm central deflection against SiNx layers with various 
thicknesses. 
4.3.3 Surface Profile vs. Applied Pressure 
To explore the diaphragm profile change against the applied pressure with 
different thickness, the diaphragms with SiNx layer of 1.2 m and 2.5 m in thickness 
are studied respectively. The measurement results are shown in Figure 4.9. Based on 
the plate theory, the diaphragm displacement in the perpendicular direction is 
considered to be in a linear relationship against the applied pressure when its central 
deflection is smaller than the diaphragm thickness [128]. The governing formula is 
given in equation (4.2) as follows: 
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where w is the displacement, r and a denote the radial coordinate and diaphragm 
radius respectively, P is the uniform differential pressure applied to the diaphragm, D 
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where E is the Young's Modulus, ν is the Poisson‟s Ratio and h is the total thickness of 
the diaphragm. Since the diaphragm consists of double layers, the bending stiffness 
should be adjusted accordingly as in equation (4.4). [129].  
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where 
1h  and 2h  are the thicknesses of the SiO2 and SiNx layers respectively. 1E ,
2E  denote the Young's Modulus. The plane-strain moduli are 
2
,1 1 1/ (1 )psE E v  and
2
,2 2 2/ (1 )psE E v  , and 1v , 2v
 refer to Poisson‟s Ratios. Given that SiNx has Young‟s 
modulus of 198 GPa and SiO2 70 GPa,  Possion's Ratio as 0.28 and 0.17 [47, 48], the  
  
Figure 4.9: (a) The top view of the diaphragm under 12 psi pressure application; (b) 
The profile along the red line in (a); (c) The central deflection against the applied 
pressure for diaphragms with 1.2 m and 2.5 m SiNx layer respectively.  
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central deflection of diaphragms with 2.5 μm SiNx and 1.2 um SiNx are calculated as 
0.42 μm and 0.99 μm, which are in good agreement with measurement data under 20 
psi pressure. Figure 4.9 (a) and (b) show a typical profile across the diaphragm when 
the applied pressure is 12 psi with SiNx thickness of 2.5 m. As seen in Figure 4.9 (c), 
the measured data in both cases give smaller deflection than their respective 
thicknesses, which indicates a reasonable linear relationship within the measurement 
range. 
4.3.4 Sensitivity versus SiNx Layer Thickness 
As mentioned above, the sensitivity of the pressure sensor is closely related to the 
diaphragm thickness. To explore experimentally such relationship, the pressure 
sensors with 1 m SiNW and two kinds of SiNx layer thickness, i.e, 2.5 μm and 1.2 
μm, are investigated. The sensitivity derived from the linear fitting lines shows 
increment from 0.3% psi
-1
 to 0.6% psi
-1
 as the SiNx layer thickness is reduced from 
2.5 μm to 1.2 μm (shown in Figure 4.10). Such data are in good agreement with the 
simulation results. It is also observed that the sensitivity doubles as the thickness of 
SiNx reduces by almost half. This could imply the proportionality between variations 
of SiNx layer thicknesses against the sensitivity changes. In comparison with the data 
of 0.1 mV/V/psi in reference [14], we achieve a sensitivity of 1.5 mV/V/psi, which is 
15 times better. Moreover, three recently developed pressure sensors are listed in 
Table 4.2 to compare with our work. It is worth noting that B. Bae et al. made an IOP 
measurement sensor with high sensitivity and resolution at the cost of a huge 
diaphragm. More specifically, their sensor has 26 times larger sensitivity but 700 time 
larger area than ours. The sensor range calculation will be introduced in the following 
parts and our work also demonstrated a reasonably large working range in comparison  
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Table 4.2: Comparison of recently reported pressure sensor with our work.  
 
 
Figure 4.10: The pressure sensor bulge testing results of 1.2 μm SiNx layer and 2.5 μm 
SiNx layer. 
 
with others [150-152]. As we mentioned in previous section, this improved 
sensitivitydoes not compensate much trade-off in diaphragm deflection. Therefore, it 
is a good compromise in terms of sensing range, sensor sensitivity and surface profile 
optimization.     
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4.4 Reverse Direction Characterization & Working Range in 
Compressive Strain Region 
4.4.1 Reverse Direction Bulge Test 
For most pressure sensor characterization, the pressure is applied along single 
direction due to the set-up limitation. Consequently, the pressure sensor behavior in 
both directions is not fully revealed. In this work, the tested sample is flipped over 
with electrical signal connected out from the bonding wires. Hence, we are able to 
overcome the set-up limitation and apply the pressure in both front side and back side 
directions. To apply pressure from the bottom of the testing stage shown in Figure 2.8 
(a) and (b) and to deform the top surface of the released diaphragm of the chip toward 
the cavity encompassed by diaphragm and substrate, the sample with bonded wires 
has to be assembled upside-down into the testing jig (Figure 2.8 (b)). The sample 
preparation procedure is as follows: Firstly, the gold wire is bonded onto the metal 
pad of SiNW, then pulled out to a certain length and cut off, such that we have a fixed       
 
Figure 4.11: The pressure sensor characterized in the compressive strain region by 
using the reverse direction bulge test. 
CHAPTER 4 
 88 
end of wire and a free end of wire. Next, the free end the wire is connected to the 
backside of the chip using copper tape; the silver paste is deployed to further fix the 
wire and for electrical connection at the backside. Finally, the chip is baked in the 
oven at 90°C for 15 minutes to dry the silver paste. After the sample is prepared, it is 
flipped over and placed inside the test jig. As shown in Figure 4.11, the reverse 
direction testing results also show very good linearity within our measurement range 
in comparison with the normal bulge testing results. Besides, this approach applies 
more closely to the real situation, e.g., the eye pressure measurement using such 
pressure sensor, where the pressure is applied perpendicular to the diaphragm along 
the front side direction.  
4.4.2 Working Range of Pressure Sensor under Compressive Strain 
 The formula of the burst pressure of the pressure sensor is given by the following 
equation (4.5) [113]: 










                        (4.5) 
where BP is the burst pressure, t is the thickness of the diaphragm, A is the area of the 
diaphragm, MAX is the maximum non-destructive Von mises stress to the SiNx film. 
The value of MAX  was extracted from a combination of the central displacement 
testing and the FEM modeling of the SiNx layer. In the experiment, the diaphragm 
usually fractured at the diaphragm edge, with central displacement higher than 12 μm. 
With the central displacement of 12 μm as shown in Figure 4.12, the Von mises stress 
was extracted from the elements of SiNx layer at the diaphragm edge from the FEM 




Figure 4.12: The SiNW resistance change when using PZT driven tip to apply 
displacement at the diaphragm center. 
 
thickness of 2.5 μm, a diaphragm diameter of 200μm and Poisson ratio 0.28 into 
equation 4.5, the burst pressure is calculated as 330 psi. Because the diaphragm 
comprises of 2.5 μm SiNx layer and 5450 Å SiO2 layer, therefore the actual stiffness 
of the diaphragm is even larger. It implies that the burst pressure of the pressure 
sensor should be above 330 psi, indicating very high mechanical strength of the 
diaphragm that is able to survive very high pressure without damage [130]. 
4.5 Conclusion 
In this chapter, we report the characterization of a pressure sensor using SiNWs 
as the sensing element. After exploring and discussion on the effects of doping 
concentration, length difference and orientation variations, <110> direction SiNWs 
with length of 1 m and dosage of 1×1014 ions/cm2 have been determined as 
optimized sensing elements. In order to maximize the sensitivity and also retain 
minimized (or acceptable) diaphragm deflection as well as reasonable device working 
CHAPTER 4 
 90 
range, a trade-off for the thickness of the multi-layered diaphragm has been studied 
step by step. As a result, the diaphragm with compromised SiNx thickness of 1.2 μm 
shows not only almost flat surface profile, but also provides high sensitivity as good 
as 0.6% psi
-1
, which is 15 times larger than reported data. In addition, a front side 
pressure measurement approach is also introduced. This enables our device to be 
tested in dual directions. Such results are more meaningful in real-life practical 
applications. Finally, further fracture test proves that our device is able to sustain 











Chapter 5.  Characterization of SiNWs-Based 
Cantilever Flow Sensor   
Till date, the cantilever based piezoresistive flow sensors have been well 
developed in terms of flow sensing performance and fabrication technology, but due 
to the limitation of materials used as piezoresistive sensing elements, i.e. Pt strain 
gauge and elastomer, these recent works are not  based on CMOS-compatible 
fabrication process [131-134]. Consequently, the electrical circuit integration becomes 
a potential challenge at the wafer level. D. Li et al. recently reported a monolithic 
integrated piezoresistive cantilever flow sensor [135]. With doped bulk silicon wire as 
piezoresistor, an instrumental amplification circuit with a gain of 6.5 was successfully 
integrated with their MEMS flow sensor at the wafer level. Except the advantage of 
the CMOS compatible process, nevertheless, this monolithic fabricated flow senor 
with bulk silicon piezoresistor did not show any remarkable performances in terms of 
device sensitivity and linearity. In addition, their device dimension is rather bulky and 
should consume relatively high power. Therefore, maintaining a CMOS compatible 
fabrication process, meanwhile improving the device flow sensing capability and 
scalability becomes a challenging topic.   
 By utilizing the cantilever structure with embedded SiNWs for flow sensing 
applications, we have successfully pushed the piezoresistive flow sensor to a new 
level of smaller size and good sensitivity. In the first part of this chapter, a 
computation approach is introduced to simulate the fluid-structure interaction, and 
show the potential of the sensor. In the second part, a fabricated sensor is illustrated 
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with several newly found merits in comparison with previous milestones. 
5.1 Simulation on MEMS Water Flow Sensors Using SiNWs 
It is a rational approach that a cantilever is integrated with the SiNW as 
transducer to form a MEMS flow sensor. To investigate the influence of the cantilever 
in flow and the flow sensor characteristics, a quasi-3D fluid-structure interaction 
modeling is developed and  described in this chapter. In the proposed curved-up 
cantilever flow sensor design, the effects of sidewall depth underneath the cantilever 
on the velocity vector of the flowing fluid are mainly discussed. Besides, the SiNW 
resistance change versus flow velocity is investigated computationally. 
5.1.1 Design, Modeling and Simulation  
The three dimensional (3-D) model was built using Solidworks, the cantilever is 
suspended in the middle of the top edge of a block as shown in Figure 5.1 (a). The 
block length and width are 360 μm and 80 μm respectively. To investigate the effect 
of the underneath sidewall depth, the block of different sidewall depths are built, i.e., 
20 μm, 50 μm, 100 μm, 200 μm and 400 μm. The cantilever is assumed to be made of 
silicon oxide with length 250 μm, width 12μm and thickness 2μm, while the SiNW is 
embedded within the cantilever at its anchor. Due to the residual stress of silicon 
oxide, the cantilever will curve up after fabrication. In this model the cantilever is 
assumed to have circular profile with free end curved up to 80 μm. Figure 5.1 (b) 
shows a tube with diameter of 6mm for liquid or gas to pass through. The location of 





Figure 5.1: (a) The cantilever flow sensor model; (b) Zoom-in cantilever with 
embedded SiNW at the anochor; (c) The schematic drawing of the 3-D tube model with 
cantilever flow sensor chip at inlet. 
 
Figure 5.2 shows the flow behavior-simulation by using the Finite Element 
Modeling software ANSYS Fluent. Figure 5.2 (a) shows that the liquid flows into the 
tube and cross the cantilever and the top surface of the block. The arrow marks with 
different colors represent the fluidic trajectory (velocity vector), showing magnitude 
and direction. The flow behavior can be easily observed accordingly. Figure 5.2 (b) 
shows the zoom-in region near by the cantilever flow sensor. Water was deployed as 
the liquid with density of 1000 kg/m
3 
and viscosity of 0.0007 kg/m·s in the modeling. 
In ANSYS fluent, all the model surfaces are considered as rigid, which means that 
they have no deflection under the fluidic impact. However, in real applications the 
mechanical behavior of structures under certain flow environment needs to be taken 
into account. To address this problem, the pressure distribution on the cantilever top 
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and bottom surface elements are extracted from the fluidic simulation results and then 
fitted using MATLAB. Later the same pressure distribution was applied to the 
cantilever solid body model with identical dimensions using the FEM software 
ABAQUS as shown in Figure 5.3 (a). The above modeling methodology is valid 
when the deflection of the cantilever is small enough that the flow behavior could be 
approximately considered as unchanged. Figure 5.3 (b) shows the cantilever strain 
distribution results, in which the red part indicates the largest strain area of the whole 
cantilever. As mentioned above, the SiNW was located on the surface at the junction 
of block edge and the anchor of the cantilever, where the maximum strain lies. By 
measuring the change in the nanowire resistance due to the strain of the cantilever, the 
correlation between the strain of cantilever and flow velocity can be further obtained. 
Following this approach, an approximate fluid-structure interaction relationship, and 
curves of SiNW resistance change versus flow velocity relationship can be derived 
finally. 
 
Figure 5.2: Results of ANSYS Fluent model showing the fluidic behavior; (a) the 





Figure 5.3: ABAQUS FEM modeling. (a) Pressure distribution applied to the cantilever 
top and bottom surfaces; (b) The strain distribution map along the cantilever.   
 
5.1.2 Results and Discussion 
 Net force applied to cantilever: Since the cantilever is very thin in thickness 
compared to its length, only the pressure distribution along its top and bottom surfaces 
is included in the calculation for extracting forces. The forces on both top and bottom 
surfaces of the cantilever along the direction perpendicular to the flow inlet direction 
are extracted. The net force is obtained by summing the top and bottom forces 
together. Figure 5.4 shows the net force application under fixed flow velocity when 
the sidewall depth varies from 20 μm to 400 μm. The negative net force means the net 
force pushes the cantilever downwards. The four fitting curves represent flow speed 
varies from 50 cm/s to 200 cm/s respectively. In the low flow rate region, e.g. 50 cm/s, 
the flow above and below the cantilever will contribute similar force to the top and 
bottom surface which may offset each other. Thus we observed the result of the blue 
curve (50 cm/s) in Figure 5.4. In the higher flow rate region, e.g. 150 cm/s to 200 
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cm/s, the influence of the sidewall depth is obvious. The net force increases as the 
sidewall depth of the block becomes higher, indicating higher deformation of the 
cantilever and larger resistance change of the embedded SiNW as well. This indicates 
that for this kind of cantilever flow sensor design, larger space arranged underneath 
the cantilever will improve its performance. Moreover, the curve at velocity of 200 
cm/s shows that the net force on the cantilever increases quickly when the depth 
changes from 20 m to 200 m; but the net force change does not increase so much 
from 200 m to 400 m. Hence, when the sidewall depth increases to a certain degree, 
the net force in the high flow rate region will be saturated at a maximum value 
eventually and is not affected by the sidewall depth, e.g. the curve of 200 cm/s in 
Figure 5.4. Because the water below the cantilever tends to be more stationary as 
the sidewall depth of the block increases, the underneath water will apply less lifting 
force to the cantilever. 
 
 
Figure 5.4: The relationship between the net force applied to cantilever and its 





Figure 5.5: The relationship between the net force applied to cantilever and the flow 
velocity with respect to various sidewall depths.  
 
Figure 5.5 shows that the cantilever experiences a higher net force when the flow 
velocity increases. Furthermore, the net force changes more rapidly as the sidewall 
depth increases, indicating that the sensitivity of the cantilever flow sensor becomes 
higher. Thus, we concluded that increasing the underneath sidewall depth will not 
only gain larger deformation of the cantilver, but also improve its sensitivity.  
 
Eddy currents: In modeling, eddy current was observed as shown in Figure 5.6. 
Plane 1 and Plane 2 respectively show the flow behavior right across the cantilever 
and the region nearby the cantilever in Figure 5.6 (a). In both cases, eddy current 
occurs. It indicates that cantilever is not the reason causing eddy current. According to 
the simulation data, there are two major combinations of parameters for results of 
apparent eddy current. The 1
st
 combination is that the sidewall depth is 200 m, and 
the flow velocity is 100 cm/s or higher; and the 2
nd
 combination is that the sidewall 




Figure 5.6: (a) Top view of the flow sensor in which the red line indicates the cutting 
plane across the cantilever, the green line refers to the plane without across the 
cantilever; (b) and (c) The fluidic trajectories corresponding to the two cutting planes.  
The inset shows the legend of flow velocity (m/s). 
 
 It is concluded that the flow velocity and underneath sidewall depth is the main 
contributing factors to the eddy current, i.e. the eddy current is easily observed under 
higher sidewall depth and velocity. However, the eddy current does not seem to 
contribute to higher lifting force or to be able to make the cantilever bend upwards as 
we suspected initially. It appears as a minor effect from the aspect of flow sensor 
application. 
Strain of cantilever and resistance change of the SiNW: To directly reveal the 
relationship between the cantilever‟s maximum strain and the flow velocity, 
ABAQUS simulation is used to investigate the data of the flow sensors with sidewall 
depth 50 m, 200 m and 400 m in a more accurate way. As introduced above in the 
modeling part, the pressure distribution is exported from ANSYS Fluent and applied 
to the cantilever top and bottom surfaces accordingly for its mechanical deformation 
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in ABAQUS. As shown in Figure 5.7, the strain is derived at the anchor of the 
cantilever versus the flow velocity. Larger strain is introduced by higher flow velocity. 
Moreover, the strain increases more rapidly in the case of larger underneath sidewall 
depth, indicating a higher sensitivity. This result coincides with the former analysis 
using the net force applied on the cantilever, and it is more convincing and straight 
forward. 
The SiNW embedded at the anchor of cantilever is supposed to experience an 




-1. Based on K. Reck‟s report,  a 633% increase of the 
piezoresistance coefficient is found in the <110> direction of the SiNW compared 
with bulk silicon. Under such conditions, the relationship of resistance change versus 
flow velocity can be further obtained using equation (5.1) and (5.2).
  
 
Figure 5.7: The relationship between the strain measured at the cantilever anchor and 




Figure 5.8: The relationship between the resistance change of the SiNW and the flow 
velocity with respect to different block sidewall depths.  
 







                        (5.1) 
    E                            (5.2) 
 
where πl is the longituginal piezoresistance coefficient, R is the SiNW resistance, σ 
and ɛ are the longituginal stress and strain application to the SiNW, E is the Young‟s 
modulus of silicon. Figure 5.8 shows the SiNW resistance change versus various flow 
velocity when the block sidewall depth are 50 μm, 200 μm and 400 μm respectively. 
It is observed that a maximum of 11.2% resistance change in SiNW is achieved when 
the sidewall depth is 400 μm at flow velocity of 200 cm/s. Based on the above results, 
among all the flow sensor models, the one with 400 μm sidewall depth gains the 
largest strain at any given flow velocity. Thus to analyse the cantilever deflection with 
respect to the flow velocity, the flow sensor with 400 μm underneath sidewall depth is 
selected for such purpose. As shown in Figure 5.9, the maximum deflection of the 
cantilever free end is 3.5 μm in the downward direction, in which it is only 4.4% of 
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the initial curve-up height of the cantilever free end. In the case of such small 
deflection, the fluidic behavior is reasonably expected to remain the same. This means 
that other flow sensors with lower underneath sidewall depths should have even 
smaller deflection, indicating the modeling is valid for all the cases studied in this 
part.      
       
Figure 5.9: The relationship between the deflection of cantilever free end and the flow 
velocity when the block sidewall depth is 400 μm. 
5.2 Characterization of SiNWs-Based Cantilever Air Flow 
Sensor  
 The above discussion shows the potential of using SiNWs for flow sensing 
applications; however, practically still quite a few potential issues may exist to be 
addressed, e.g., the linearity, noise etc. By leveraging the pressure sensor fabrication 
process, we are able to further modify the diaphragm structure and demonstrate the 
ability of SiNWs as sensing elements for flow sensors. 
In this section, we present the SiNWs-based cantilever air flow sensor fabricated 
on the (100) SOI wafer with the CMOS-compatible process. Compared to the 
traditional metal strain gauge and polysilicon material, the outstanding piezoresistive 
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performance of single crystal silicon has been reported by many research groups 
[20,34,58]. Although there are no significant changes on the piezoresistive effect 
while migrating from bulk silicon wires to SiNWs as reported [63], SiNWs provide 
higher initial piezoresistance in contrast to bulk silicon wires, therefore a lower power 
consumption at the given supply voltage. Furthermore, the scalability of the device 
will be significantly improved and such improvement has been demonstrated in many 
modern MEMS sensor designs [136-137].  
SiNWs in three different lengths (2 μm, 5 μm and 10 μm) with the same average 
cross section of 90 nm × 90 nm are used as the piezoresistive sensing element. By 
leveraging the piezoresistive effect of SiNWs, significant improvements of flow 
sensing performance in terms of sensitivity, linearity and hysteresis are reported. In 
addition, the ultra-low input power (less than 1 μW) can be achieved due to the high 
piezoresistance (> 150 kΩ) and a low supply voltage (0.1V) used in the experiment. 
Additionally, the design optimization is also carried out among three different 
effective sensing areas (10 × 50 μm2, 20 × 90 μm2, 40 × 100 μm2) and various lengths 
of SiNWs. 
5.2.1 Flow Sensor Design 
5.2.1.1 Flow Sensing Principle  
 
 For previously reported cantilever based piezoresistive flow senor designs, the 
flow induced mechanical force is loaded on the cantilever structure and results in 
piezoresistance changes. Such mechanical force is highly dependent on the flow 
direction, velocity, channel dimension and the nature of the fluid. Based on the flow 
viscosity and velocity, the status of the flow can be defined as laminar or turbulence 










                     (5.3) 
where ρ is the density of fluid, L is the characteristic linear dimension (or diameter 
(𝑑) in the case of the bounded pipe), V is the mean velocity of the object relative to 
the fluid, µ is the dynamic viscosity of the fluid and 𝑣 is the kinematic viscosity 
defined as µ/𝜌. However, regardless of the laminar and turbulent flow, dependent on 
the channel dimension, flows can also be categorized by their boundary, i.e., internal 
or bounded by walls and external or unbounded [138]. As shown in the SEM picture 
(Figure 5.10), in our SiNWs-based cantilever air flow sensor design, the air flow is 
confined within a channel of 400 μm long with diameter of 200 μm. For a fully 
released cantilever with the area of 20 × 90 µm
2, the initial deflection of 3.12 μm is 
recorded by a white light interferometer (Veeco NT3300) system and plotted in Figure 
5.11. Figure 5.12 shows the overall view of the device and indicates the flow direction 
by a Grey arrow bar. In our design,  the internal situation is applied instead of the 
external situation, but similar to the external situation, the velocity and boundary layer 
profile need to be considered first. Figure 5.13 illustrates  both flow velocity and 
pressure profile for a long pipe flow [138]. At the entrance region of the pipe, where 
the fluid (air in our case) flows from relatively open space into a more confined tube, 
the viscous boundary layers grow downstream, retarding in the vertical direction at 
the pipe wall and thereby accelerating the center-core flow to maintain the 
incompressible continuity requirement: 
       𝑄 = ∫ 𝑢 𝑑𝐴 = Constant              (5.4) 
 where 𝑄 is the total flow rate, 𝑢 is the local flow velocity and 𝐴 is the pipe 
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cross-section area. At a given distance (𝐿d) from the  entrance point, the boundary 
layers merge with each other and the inviscid core disappears. Thus, the flow is said 
to be fully developed and the velocity is fixed. Dimensional analysis shows that the 
Reynolds number is the only parameter affecting the flow development length.  
If 
      𝐿d= 𝑓(𝑑, 𝑉, 𝜌, µ) & 𝑉 =
𝑄
𝐴
             (5.5) 
Then                       
         
𝐿𝑑
𝑑
= 𝑔 (𝜌𝑉𝑑/µ) = 𝑔(𝑅𝑒)          (5.6) 
For laminar flow, the accepted correlation is  
                     
𝐿𝑑
𝑑
≈ 0.06𝑅𝑒                      (5.7) 
In turbulent flow, the boundary layer grows faster and 𝐿𝑑 is relatively shortened as,  





               (5.8) 
 With the maximum flow velocity of 65 m/s in our case, according to equation (5.3) 
the Reynolds number is approximately 870, which is definitely in the laminar flow 
regime (Re < 2300). After applying equation (5.6), the Ld/d is calculated to be 52. 
Therefore, the distance required for fully development of the flow is around 10400 μm, 
which is much longer than the physical channel length (400 μm) in our actual design. 
Since the actual distance is significantly shorter than the distance required for air flow 
to be fully developed, an assumption is proposed that the air is uniformly flowing 
through the channel from the entrance point to the cantilever surface. Thus, the pressure 
drop along the channel is negligible. Based on this assumption, instead of the drag force 
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caused by viscous fluids, the uniform pressure is loaded on the cantilever beam. 
According to reference [139], the equation of cantilever tip deflection (δmax) is defined 
as:   
        𝛿max =
𝜔𝑙4
8𝐸𝐼
            (5.9) 
where ω is the uniformly distributed load, 𝑙 is the length of the cantilever, 𝐸 is the 
Young‟s modulus and 𝐼 is the moment of inertia,  
        𝐼 =
𝑤𝑡3
12
                 (5.10) 
 
Figure 5.10: The SEM image of SiNWs-based cantilever flow sensor (cantilever size is 
20 µm × 90 µm with SiNW length of 2 µm). Inset shows the 2 µm SiNWs after etching 





Figure 5.11: Plot of initial deflection of the flow sensor with the cantilever size of 20 
µm × 90 µm. The inset shows the surface profile picture captured by a white light 




Figure 5.12: The schematic drawing of SiNWs-based cantilever flow sensor together 
with its test jig for a hermetic seal. The arrow bar indicates the air flow direction.  
CHAPTER 5 
 107 
Here, 𝑤 is the width of the cantilever beam and 𝑡 is the thickness of the cantilever. 
To verify the assumption of uniform pressure loaded on the cantilever, a validation 
test will be discussed in Section 5.2.2.3. 
 
Figure 5.13: The illustration of flow development for internal situation.  
5.2.1.2 Resonant Frequency 
 
The resonant frequency is another major concern for piezoresistive based 
cantilever air flow sensor design [41]. The fundamental resonant frequency is usually 
required above 10 kHz to avoid environmental excitation. Theoretically, the resonant 
frequency (𝑓) of cantilever is defined as, 






            (5.11) 
𝑘 is the spring constant and 𝑚 is the mass the cantilever. However, the mass is hard 
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to be manipulated, especially when the device shrinks down to micrometer scale. The 
optimization of the spring constant is more feasible.  






           (5.12) 
 Based on equation (5.12) above, the spring constant can be improved by either 
varying the cantilever geometry or changing the material with higher Young‟s 
modulus. Here, two different materials (SiO2 and SiNx) are selected as the passivation 
materials and three different cantilever size variations are explored. The FEM 
modeling is conducted based on these parameters combinations. The results are listed 
in Table 5.1.  
As shown in Table 5.1, the resonant frequency is proportional to the cantilever 
thickness and inversely proportional to their effective sensing area as predicted from 
equation (5.11). Compared to SiO2, the passivation layer of SiNx provides almost 30% 
improvement of interest in resonant frequency with fixed geometry factor. This is 
contributed by the higher Young‟s modulus of the SiNx [140].  
 
 
Figure 5.14: SEM photos of air flow sensor with 3 different cantilever sizes: (a) 10 × 50 
µm
2
, (b) 20 × 90 µm
2
 and (c) 40 × 100 µm
2
. The lengths of SiNWs are fixed to 5 µm in 




Table 5.1: Comparison of resonant frequency for different combination of materials 




Resonant frequency (kHz) 
Cantilever size 
(µm2) 
First Second Third 
0.5 µm SiO2 308 1930 2993 10 × 50 
2.5µm SiO2 923 2994 5697 10 × 50 
2.5µm SiNx 1205 4261 7450 10 × 50 
0.5 µm SiO2 
2.5µm SiO2 
2.5µm SiNx 





















20 × 90 
20 × 90 
20 × 90 
40 × 100 
40 × 100 
40 × 100 
However, the SiO2 suffers high initial deflection issues due to the large 
compressive stress [129] and may even result in cantilever broken during the releasing 
process. Thus, the trade-off is made between device sensitivities and initial deflection 
issues. As a result, the nitride layer is used to compensate internal compressive stress 
induced by the beneath SiO2 layer. The details of the device fabrication will be 
described in the next section.  
5.2.2 Testing Results  
5.2.2.1 Effect of Cantilever Dimension Variations on the SiNWs-Based 
Flow Sensor 
 
As mentioned before, devices with three different sizes (10 × 50 µm
2
, 20 × 90 
µm
2 
and 40 × 100 µm
2
) are fabricated. Their SEM pictures are given in Figure.5.14 In 
this section, the length of SiNWs embedded in all cantilevers is fixed to 5 µm (shown 
in the inset of Figure.5.14). Similar testing regarding to the effect of geometry 
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variations had been demonstrated before and the device sensitivity was reported as 
being proportional to their effective sensing area (cantilever size) [131]. However, in 
our case, the sensitivity is not simply proportional to their area. As shown in Figure 
5.15, the percentage of the piezoresistance changes is plotted. The percentage changes 
are calculated by firstly averaging the resistance values recorded from at least three 
identical designs. Such average value is normalized by the original piezoresistance 
measured at the initial state (v= 0 m/s) in the second step. The overall percentage 
changes of piezoresistance are 1.92%, 8.05% and 23% for the cantilevers with the 
area of 10 × 50 µm
2
, 20 × 90 µm
2
 and 40 × 100 µm
2
 respectively. It should be noted 
that these resistance changes correspond to the different sensing range due to the 
safety working limit of the device. As indicated in Figure.5.15, the safety working 
range for cantilever of 10 × 50 µm
2
 is only up to 45 m/s. The safety working range for 
cantilevers with area of 20 × 90 µm
2
 and 40 × 100 µm
2
 are 65 m/s and 195 m/s 
respectively. For each cantilever size, the proper device working range is verified 
through the fatigue test, which is conducted for three cantilevers with identical size 
under the gradually increased air flow. As a result, the working range is guaranteed 
without the cantilever being broken for at least three trials. To provide a fair 
comparison among three designs, the average piezoresistance percentage changes 
over the flow velocity are calculated. The highest average change is 0.124%/m/s 
recorded for the cantilever with the area of 20 × 90 µm
2 
and the lowest change of 
0.043%/m/s recorded for the cantilever with size of 10 × 50 µm
2
. For the cantilever 
with the largest size of 40 × 100 µm
2
, the average percentage change is 0.116%/m/s. 
With the tensile stress up to 110 MPa (equivalent to the flow velocity of 65 m/s) 
extracted from the simulation, the plots of resistance changes in Figure 5.15 are in a 





, the stress extracted is up to 340 MPa (equivalent to a flow velocity of 195 
m/s) and it is difficult to correlate such large stress to any reported test data. However, 
a similar trend of resistance percentage changes has just been reported by J. Wei et al. 
[99]. In their report, the slope of percentage changes drops after reaching 15% and 
that is almost identical to our findings under the larger tensile stress (as the green 
curve shown in Figure 5.15. The slight difference is that the slope drops after ΔR/R 
reaches 10% in our case. This early drop of resistance changes could be the 
combination of the piezoresistive effect under large tensile stress together with the 
effect of the flow status changes (from laminar to transition regime) due to the 
increment of flow velocity. Recall equations of flow developing length (𝐿d) in Section 
5.2.1. In the turbulent regime, the developing length is much shorter than that of 
laminar flow. Thus, the actual 𝐿d may become shorter even in the transition regime, 
which results in the deviation from the assumption for the uniform load on cantilever. 
In conclusion, the cantilever with the dimension of 20 × 90 µm
2
 provides a better 
linearity and higher average resistance percentage changes.  
5.2.2.2 Effect of SiNWs Length Variations on the Cantilever Flow Sensor 
After finalizing the geometry factor of the cantilever (20 × 90 µm
2
), the 
characterization for length of SiNWs is conducted with three different variations: 2 
µm, 5 µm and 10 µm. Figure 5.16 plots the piezoresistance changes with respect to 
the flow velocity (𝒗) increment for designs with different length of SiNWs. The insets 
in each plot indicate the piezoresistance variations at initial state (𝑣 = 0 m/s) and final 





Figure 5.15: Plots of the piezoresistance percentage changes with respect to the flow 
velocity increment for cantilevers with the area of 10 × 50 µm
2





and 40 × 100 µm
2 
(green curve). The length of the SiNWs is fixed to 5 
µm for all cantilevers. 
 
As summarized in Table 5.2, the highest average sensitivity is obtained for the 10 
µm SiNW design, which is almost 4 times higher than that of 2 µm SiNW design, but 
it is still around 500 Ω lower than the resistance fluctuation at the final state. An even 
severe resistance fluctuation happens in the 5 µm SiNWs design and thereby both 
designs fail to detect the unit flow velocity change (1 m/s) due to an increased flow 
induced fluctuation. However, the average piezoresistance changes (198 Ω/m/s) are 
almost 30 Ω higher than its resistance fluctuation at the final state for the 2 µm 
SiNWs design. Therefore, the air flow sensing resolution down to 1 m/s can be 
realized. In addition, based on equation (5.13) below [141], 





          (5.13) 
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where L (nonlinearity) is said to be the root mean square (RMS) of the deviation of a 
function of the measurement curve 𝑓(𝑥) from an ideal straight line 𝑔(𝑥). Xu and Xl 
correspond to the upper and lower boundary conditions for a given measurement. The 
device non-linearity is calculated to be around 0.1%, which is improved by an order 
of magnitude compared with recently reported piezoresistive cantilever flow sensor 
designs [134-135]. To make a fair comparison with recently reported flow sensor 
design, Table 5.3 summarizes the sensitivity and linearity of SiNWs-based cantilever 
flow sensors together with other recently reported piezoresistive cantilever flow 
sensors. As indicated in the second last column of Table 5.3, compared with reported 
designs using other piezoresistive sensing elements, the SiNWs-based cantilever flow 
sensor does significantly improve the device sensitivity. To eliminating the geometry 
effect for further fair comparisons, the effective sensing area of the device has also 
been normalized and listed in the last column of Table 5.3.  
Table 5.2: Summarized information from Figure.5.16. 
 









Initial state Final state 
2 198 100 170 20 × 90  
5 386 170 800 20 × 90 
10 785 360 1250 20 × 90 
The average percentage changes of the resistance are extracted to further analyze 
the sensitivity variations based on the SiNW length changes. As shown in Figure 5.17, 
after a normalization of each piezoresistance at initial state, the cantilever with 2 µm 
long SiNWs shows a high percentage change (8.6%). For the 5 µm and 10 µm SiNWs 
designs,  the percentage changes are 8.05% and 7.45% respectively.  Therefore, the 
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Figure 5.16: Plots of resistance changes with respect to the flow velocity variations for 
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 First normalization by its original piezoresistance at initial state (𝑉 = 0 m/s). 
b
 Based on first normalization, second normalization based on the different cantilever effective sensing 
area.   
trend of percentage changes is inversely proportional to the length of SiNWs and this 
can be explained by the gauge factor difference, which will be explained in Section 
5.2.2.3. 
Besides the less remarkable piezoresistive effect, the reported cantilever based 
piezoresistive air flow sensors also suffer poor hysteresis [133,142]. Thus, in order to 
verify the air flow sensing consistency of our device, a repeatability test is conducted. 
The flow meter is programmed with a given increasing step of 13 m/s and starting at 
the flow velocity of 0 m/s. The duration between each step is set to 5 seconds. After 
reaching the flow velocity of 65 m/s, the air flow is decreased back to its initial state 
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with the same velocity changing step and duration to complete one cycle. A total of 
two complete cycles are recorded over 130 seconds (limited by the maximum data 
storage capacity of the semiconductor characterization system). 
Results of the repeatability test are plotted on the right of Figure 5.18 with the 
extracted hysteresis shown on the left. The numbers (1-4) indicated in the hysteresis 
plots refer to four different testing cycles plotted in the corresponding repeatability 
test. With a matched result of the constant flow sensing behavior demonstrated in the 
repeatability test, the almost overlapped hysteresis curve is plotted for the cantilever 
flow sensor with 2 µm long SiNWs (shown in Figure.5.18 (a)). For the 5 µm SiNWs 
design, the inconsistency is spotted during the test, especially at the region after 
reaching the initial state. Although the resistance is able to be restored back to almost 
the original value during 10 seconds before starting the next cycle, such slight drifts 
of the original resistance are accumulated to the next test cycle and result in even 
larger total resistance drifts. The worst situation is recorded for the design with 10 µm 
SiNWs as plotted in Figure.5.18 (c). Similar to that of 5 µm design, the resistance 
drifts after one complete test cycle, but unlike the 5 µm design, the piezoresistance is 
not able to return back to the original value at the initial state during the 10 seconds 
interval between two test cycles. For longer SiNWs, which is located relatively far 
away from the supporting substrate, it is more subject to the mechanical movement. 
As a result, it is less immune to the air flow induced fluctuation and needs longer 
relaxation time for resistance to be restored. Therefore, the design with shorter SiNWs 
(2 µm) gives better performance in term of the flow sensing consistence. The same 
explanation may be also applied on the larger piezoresistance variations of longer 
SiNWs designs at the final state shown in Figure.5.16.  
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In summary, the cantilever flow sensor with 2 µm SiNWs design demonstrates 
better air sensing capabilities in terms of sensitivity, linearity and 
repeatability/hysteresis. In addition, the higher gauge factor of 2 µm will also be 
extracted in the following part. 
5.2.2.3 Pressure Validation Test and Gauge Factor Extraction 
 
 As mentioned previously, to verify the assumption of uniform load worked on the 
cantilever beam, a pressure regulator (ALICAT PCD series) is placed just before air 
flows entering the hermetic sealing base. The values of feedback air pressure are 
taken at four different velocity points. Meanwhile, the cantilever tip deflections are 
captured by a white light interferometer (Veeco NT3300) at four corresponding air 
velocity moments. Meanwhile the FEM modeling is also conducted based on the 
same values of four recorded air pressures. The final goal is to match the cantilever tip 
deflections extracted from the FEM modeling to actual measurement results under the 
same applied pressure in both cases. In addition, results from theoretical calculation 
based on equation (5.8) are also provided as a basic reference for comparisons. The 
initial tip deflection is not able to be found based on theoretical calculation from 
equation (5.8), but it can be estimated by applying the pre-stressed condition in the 
FEM modeling and the values of applied pre-stress are 150 MPa (tensile) for SiNx and 
250 MPa (compressive) for SiO2 [143]. 
As tabulated in Table 5.4, the simulation results are in a good agreement with 
measurement results, which validates the assumption made in Section 5.2.1. To 
further explore the piezoresistive effect of SiNWs, the strain (𝜀) on SiNWs with 
different lengths is extracted from the FEM modeling as well. With definition of 
gauge factor (𝐺𝐹) given as: 
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                            (5.14) 
 
Figure 5.17: Plots of the piezoresistance percentage changes with respect to the flow 
velocity increment for cantilevers with SiNWs length of 10 µm (black curve), 5 µm 
(red curve) and 2 µm (green curve).The dimension of cantilever is fixed to 20 × 90 µm
2
 
for all designs.  
 
 
Table 5.4: Comparisons of cantilever tip deflections between measurement result 






Cantilever tip deflection (µm) 
Veeco FEM Calculation 
0 0 3.12 3.09 N.A 
13790 13 3.48 3.47 3.44 
41360 39 4.21 4.24 4.07 









   
  
Figure 5.18: The repeatability/hysteresis tests for cantilever flow sensors with the 
SiNWs length of (a) 2 µm, (b) 5 µm and (c) 10 µm.  
 
 The average gauge factor of 75 for the 2 µm SiNWs is reported. For SiNWs with 
the length of 5 µm and 10 µm, the average gauge factor of 68 and 64 are extracted, 
respectively. These results are in a good agreement with recently reported data [144]. 
In general, the gauge factor is inversely proportional to the length of the SiNWs. As 
discussed in the previous section, the longer SiNWs stay relatively far away from the 
supported substrate or clamp point. From the mechanical point of view, less 
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mechanical strain is distributed at the region away from the conjunction point, thus a 
smaller gauge factor.  
5.3 Conclusion 
In the first part of this chapter, a fluid-structure interaction modeling is introduced 
by using an approximation approach. Five cantilever flow sensors with different 
underneath sidewall depths are simulated with water flow velocity from 50 cm/s to 
200 cm/s. SiNW is embedded at the anchor of the cantilever as a piezoresistive 
transducer, and a maximum change of 11.2% in resistance is obtained. Based on the 
results, increasing underneath sidewall depth will not only contributes to larger 
cantilever deformation at a fixed flow velocity, but also improves the sensitivity. 
However when the sidewall depth is larger enough, e.g. 400 μm, this contributing 
effect does not affect a lot.  
In the second part of chapter, a fabricated SiNWs-based air flow sensor is 
introduced. The flow sensing principle in a fully developed internal boundary 
situation is described first. Confined by the physical channel length, an assumption of 
uniformly loaded pressure on the cantilever is made and also validated by 
measurement results. Despite the tradeoff of slightly lower sensitivity, SiNx is used as 
the passivation material due to its higher Young‟s modulus and the tensile range stress 
(compensation of initial compressive stress). In addition, with an ultra low supply 
voltage (0.1V) and the high piezoresistance (>150 kΩ), the power consumption of the 
device is dramatically reduced to be less than 1 W. After optimization of the device 
geometry factor, our reported cantilever flow sensor demonstrates excellent air flow 
sensing performances in terms of the device sensitivity, linearity and 
repeatability/hysteresis. Compared with the recently reported designs, our 
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SiNWs-based flow sensor shows great scalability for the device dimension variation. 
Moreover, such miniaturized device could be implemented in more technology 
oriented biomedical applications such as the blood flow sensor. Finally, the reasonable 
gauge factor is extracted, which is in a good agreement with the value recently 
reported in literature.   
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Chapter 6.  Conclusions and Future Work 
6.1 Conclusions on Current Work 
 Investigation of the top-down fabricated SiNWs and integration of the SiNWs 
with MEMS for pressure and flow sensing applications are covered in this thesis. The 
main findings and conclusions are summarized as following.  
1). The characteristics of piezoresistive SiNWs using static testing under 
compressive strain as large as 1.7% is reported. The SiNW is embedded in a 
multilayered diaphragm structure comprising of silicon nitride and silicon oxide. By 
leveraging the high fracture stress and intrinsic tensile stress of silicon nitride layer to 
produce a flat diaphragm, we can create a large compressive strain to the SiNW 
without damaging the diaphragm. The relationship between SiNW resistance change 
and applied strain is measured and investigated with 2 μm and 5 μm SiNWs for both 
scientific and practical points of view. This approach demonstrates the validity to 
reveal the SiNW properties under large strain and the exploration provides good 
reference for future SiNW based MEMS sensor design.   
2). By leveraging the same probe-based testing platform, SiNWs under a 
compressive strain as large as 1.5 % are investigated via the dynamic testing. Drift of 
the initial resistances of the SiNW was observed at different time intervals during the 
dynamic testing under a compressive strain of higher than 1.3%, while the sensitivity 
of the pressure sensor basically keeps unchanged. However, there was almost no drift 
or degradation observed in the sensor characteristics when an equivalent point loading 




3). The pressure sensor with 200 μm diameter diaphragm using SiNWs as 
piezoresistive sensing element is developed and optimized. The SiNWs with different 
lengths  (1 μm , 2 μm, 5 μm and 10 μm)  are embedded in a multi-layered 
diaphragm structure comprising of silicon nitride and silicon oxide. Optimization 
were done on both SiNWs and the diaphragm structure. The sensor with 1.2 μm thick 
SiNx diaphragm and 1 μm length SiNW is considered to be an optimized design in 
terms of small initial central deflection (0.1 μm), relatively high sensitivity (0.6% psi-1) 
and good linearity within our measurement range. 
4). SiNWs-based cantilever flow sensors with three different cantilever sizes (10 × 
50 μm2, 20 × 90 μm2 and 40 × 100 μm2) and various silicon SiNWs lengths (2 μm, 5 
μm and 10 μm) have been designed for the air velocity sensing. The total device 
thickness is around 3 μm, which consists of the bottom SiO2 layer (0.5 μm) and the 
top SiNx layer (2.5μm). In addition, the SiNx layer is used to compensate the initial 
stress and also to enhance the device immunity to air flow induced vibrations 
significantly. To experience the maximum strain induced by the air flow, SiNWs are 
embedded at the clamp point where the cantilever is anchored to the substrate. Taking 
the advantage of the superior properties of SiNWs, the reported flow sensor shows the 
outstanding air flow sensing capability in terms of sensitivity, linearity and hysteresis. 
With only a supply voltage of 0.1 V and the high initial resistance of the 
piezoresistive SiNWs, the significant energy saving is reached in contrast to the 
thermal based flow sensors as well as other recently reported piezoresistive designs. 
Last but not least, the significant size reduction of our device demonstrates the great 
scalability of SiNWs-based flow sensors.    
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6.2 Directions for Future Work 
 As mentioned several times in this thesis, we are targeting to develop and deliver 
sensors that are suitable for practical purposes. One main target within this scope is 
the biomedical applications. Our SiNW-based sensors provides merits of potential for 
further downsizing and bio-compatibility, which make it attractive  for biomedical 
sensors with appropriate packaging. Besides, not only the pressure sensor and the 
flow sensor, other sensor devices can potentially be developed by utilizing the SiNWs, 
e.g. accelerometers and gyro meters. In the next part, the idea of further packaging our 
pressure sensor for eye pressure monitoring is presented, and a promisingly small 
accelerometer using SiNWs as sensing elements are introduced. 
6.2.1 Packaged Pressure Sensor  
 Research indicates that the elevated intraocular pressure (IOP) due to ocular fluid 
accumulation may probably cause an eye disease, Glaucoma, which may affect the 
optic nerve and result in vision loss for millions of people worldwide. IOP monitoring 
is known as the most effective method to evaluate the progression of glaucoma, The 
standard approach of measuring the intra-ocular pressure (IOP) is by determining the 
resistance of the cornea to indentation or applanation [145]. 
 A tomometer is an instrument used for this purpose. The range of IOP was 
reported as 10-25 mmHg. However recent research results have shown that the mean 
IOP fluctuations in 24 hours monitoring are significantly higher than that measured 
during the office hours. Therefore continuous IOP measurement over longer period 
will help in better diagnosis, monitoring, and management. Conventional clinical 
techniques including contact and non-contact tonometry have difficulty in faithfully 
recording IOP values inside the eye, and are problematic in deployment for regular 
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(e.g. daily) monitoring 
 Several groups have been working toward the development of devices for 
continuous IOP measurement. Collins developed the earliest implantable IOP sensor 
[146]. In 2001, Akar made an absolute capacitive pressure sensor with an on-chip 
gold electroplated planar coil that can be used to remotely sense the pressure using a 
LC resonance technique [147]. By sensing the curvature changes of the cornea, the 
IOP measurement can be carried out. In 2008, P. J. Chen et al. from Caltech reported 
the IOP sensing system by using an electrical LC tank resonant circuit [148,149]. This 
LC resonant sensing approach contains an electrical LC tank resonant circuit which is 
formed by an integrated capacitor and an inductor coil to facilitate passive wireless 
sensing using an external interrogating coil connected to a readout unit. 
 
Figure 6.1: The schematic drawings of packaged SiNWs pressure sensor chip; (a) the 
bird‟s eye view of the packaged sensor; (b) top view of packaged sensor; (c) side view 
of packaged sensor. 
 
 People are looking for better implantable sensors for IOP application. The 
proposed SiNWs-based pressure sensors can be realized in very small footprint, while 
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the sensitivity is further improved. In the case of the pressure sensing diaphragm of 
200 μm diameter, the whole pressure sensor using SiNWs could be as small as 480 
μm (L) × 480 μm (W) × 400 μm (T). By leveraging the flip-chip technology and 
assembling such pressure sensor chip on a flexible substrate, we can package 
SiNWs-based pressure sensor chip in a volume of 530 μm (L) × 530 μm (W) × 530 
μm (T) as shown in Figure 6.1.  
 When we apply the front-side etching technique, we can reduce the diaphragm 
size significantly. Briefly speaking, we can use flip-chip technology to assemble 
pressure sensor chip on a polyimide flexible substrate, which has electrical 
interconnects. Then the packaged chip is further protected by Parylene coating. 
Parylene is a well-known biocompatible material. The pressure difference between 
the external pressure and pressure inside the sealed cavity will be calibrated as the 
output of the piezoresistive SiNWs according to the deformation of diaphragm. 
Moreover, when we use the pressure sensing diaphragm of 100 μm diameter, we can 
expect the packaged sensor as small as 400 μm (L) × 400 μm (W) × 400 μm (T). With 
the advantage of ultra-compact size, the surgical challenge of implantation process is 
reduced drastically and the required recovery time of patients after implantation 
surgery is expected to be reduced significantly as well. Since the present proposal 
focuses on the development of sensors only, the technology of data communication 
and transmission could be realized via either telemetry way (wired) or wireless in the 
future upon availability, cost and performance of such technology.  
6.2.2 SiNWs-Based Accelerometer 
 MEMS accelerometers have a great potential in the biomedical field with merits 
of their small size and mass. Many organs inside the human body are in motion for 
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specific functions. One important motion lies in the ear elements for human hearing. 
Many elder people above age 65 suffers hearing loss, while only few of them benefit 
from the hearing aid due to discomfort, cost, social stigma etc. One big trend for the 
technology is to implant the hearing aid inside the human body to directly measure the 
vibration of the middle ear rather than to use an place the external device. Size 
reduction is the main barrier in constructing an accelerometer suitable for measuring 
middle ear vibrations [52]. 
 W. T. Park et al. developed and reported a fully encapsulated accelerometer with 
the smallest dimension up to now [89]. This design follows the simplest and typical 
pattern, i.e. a proof mass suspended by a flexure as shown in Figure 6.2.  
 
Figure 6.2: Square shaped accelerometer design in W. T. Park's work. The red trace 
refer to the areas after implantation to from piezoresistors and connections. Figure 
reproduced from [52]. 
 
 The stiffness of the flexure is described based on the cantilever equation as 
equation (6.1). 







             (6.1) 
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where E is the Young's Modulus of the flexure; w, l, t refer to the width, length and 
thickness of the flexure, respectively.   
 To enhance the sensitivity with smaller proof mass, the width of the flexure is 
preferred to be as small as possible. In W. T. Park et al.'s work, implantation is used 
to form the piezoresistor due to its convenience and precise doping control; whereas it 
is in the meantime the critical process that limits the further downsizing of the sensor 
size. Because the diffusion length of the piezoresistors after high temperature 
annealing is around 1 μm, the width of the flexure is limited to be more than 3 μm.  
 
Figure 6.3: Schematic drawing of the SiNWs-based accelerometer. 
 To overcome such limitation, SiNWs, with width of sub-100 nm, serve as good 
candidates of piezoresistive sensing elements. Their well specified dimensions and 
shape in nanoscale make them free of such issues caused by the implantation process, 
thus makes it possible to make an even smaller accelerometer without losing high 
sensitivity. By leveraging our developed top-down fabrication process for SiNWs, I 
further designed a SiNWs-based accelerometer which is promisingly the smallest in 
the world. The schematic drawing of this accelerometer is shown in Figure 6.3.  
 A pair of SiNWs are embedded in the flexure along the side walls for sensing 
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purpose during the lateral motion of the proof mass. The yellow arrow indicates that 
the proof mass moves and vibrates laterally in the plane. The SiNWs deform as the 
proof mass vibrates and the acceleration can be extracted by monitoring the SiNWs 
resistance. 
 
Figure 6.4: Process flow of the accelerometer fabrication. 
 The fabrication of the accelerometers uses a SOI wafer of the same specifications 
as the pressure sensor and flow sensor. Figures 6.4 (a) to (e) refer to the formation of 
SiNW and metal line traces. Figures 6.4 (f) and (g) show the RIE and DRIE process to 
form the structure of the accelerometer before final release. Following these steps, 
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that PECVD oxide deposition is conducted to protect the sidewalls of the flexure, the 
release holes and the proof mass as shown in Figure 6.4 (h). The bottom oxide is 
cleared afterwards and a further DRIE is conducted for final release (Figures 6.4 (h) 
and (i)). Then the metal pads are opened for electrical readout as shown in Figure 6.4 
(j). Finally, SF6 or XeF2 gases are employed to release the proof mass as a suspended 
structure.  
 
Figure 6.5: SEM pictures of two unfinished SiNWs-based accelerometers. 
 The SEM pictures of two fabricated accelerometers in progress are shown in 
Figure 6.5. Attributed to the SiNWs, the flexures are able to be designed with width of 
1 μm. Consequently, the proof masses are able to be further shrunk to save the total 
accelerometer area. In Figures 6.5 (a) and (b), the proof masses are 50×50 μm and 
30×100 μm, respectively. In comparison with W. T. Park's design with proof masses 
of around 400×400 μm, my designs leads to a big reduction in the sensor size. 
 Currently, the two accelerometers are still in progress, pending final release. I 
will keep working on the fabrication and characterization of the accelerometers as the 
future work of SiNWs-based sensors development. It is reasonably expected that the 
accelerometer characterization, mainly involving dynamic testing, should be more 
complicated than the static testing of pressure sensor and flow sensor. Finally, one 
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thing to bear in mind is the packaging of such accelerometers, which ideally could be 
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